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PREFACE 


During the past few years there has been a great expansion ot 
both academic and commercial interest in the properties ol 
photoconducting and semiconducting materials, with a corres¬ 
ponding increase in the amount of theoretical and experimental 
work devoted to such materials and in our knowledge con¬ 
cerning them. The aim of this book, which arose from a 
thesis presented for the degree of Doctor of Philosophy of tlie 
University of Cambridge in 1950, is to consider the various 
photoconductive and other photoelectric effects, together with 
those electrical and optical properties of non-metals which 
have a direct bearing on these effects. 

Part I discusses the theoretical aspects of the electrical and 
optical properties of semiconductors and insulators, and of 
the occurrence and behaviour of photocurrents. Part II 
provides an up-to-date review of such properties in the 
elements, assessed from the published literature—to wliich 
extensive references are given—or from the authoTs own 
experimental work, much of which is as yet unpublished 
except in the aforementioned dissertation. Although the 
non-metallic elements are much fewer in number than the 
corresponding compounds, they comprise some of the materials 
of the greatest technical interest at the present time, and the 
study of them has added greatly to our knowledge of con¬ 
ductive and photoconductive processes. 

Acknowledgment is made to the Chief Scientist, lMinistr\ 
of Supply, for permission to publish this book; to G. E. Kimball 
and the Journal of Chemical Physics, to G. L. Pearson and the 
American Institute of Electrical Engineers, to G. Buscli and 
his co-workers, and to the Physical Society, for permission to 
reproduce Figures /, 22, 26, and 49 and 50 respectively. I also 
wish to thank Dr. L. Pincherle for reading part of the manu¬ 
script, and my wife for checking the manuscript and proofs 
and preparing the diagrams. 


Malvern 
August, 1952 
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PART I 
THEORY 



INTRODUCTION 


Solids are customarily divided into three classes on the basis 
of their electrical properties, namely metals, insulators and 
semiconductors. Metals arc characterized by high conduc¬ 
tivities, lying generally in the range lo^ to cm“b The 

conductivity is only slightly temperature dependent, falling 
slowly as the temperature is raised. Insulators have very low 
conductivities under normal conditions, values of lO"^- to 
iO“^^n“^cm“' arc typical. Intermediate values of conduc¬ 
tivity arc found in semiconductors, the values being widely 
dependent on impurities and temperature, and the conductivity 
increasing rapidly with rising temperature. Furthermore 
in contradistinction to metals the conductivity increases 
with impurity content. Values bctw^ccn loH'^cm’^ and 
10“^® cm“^ are commonly encountered. 

The essential difTerence between metals and insulators lies 
in the number of electrons which arc free to conduct. In metals 
the number of conducting electrons is of the order of i per 
atom i.e. about lo^^ per cm^, whereas in insulators, although 
a correspondingly large number of electrons are potentially 
available to carry current, the vast majority are not normally 
permitted to do so. It is now considered that all crystalline 
materials are capable of electronic conductivity if free electrons 
can be produced in them. These electrons can then move, 
more or less unimpeded, through the crystals. 

Such free electrons may be produced in a variety of ways, 
for example by bombardment of the crystal with high speed 
electrons. More commonly the conduction electrons are 
produced by freeing the bound electrons already within the 
crystal by thermal agitation or illumination, the first of these 
processes resulting in semiconduction, and the second in 
photoconduction. 

Optical properties also provide a means of distinguishing 
the three classes of materials. For example, metals have very 
high absorption coefficients from the ultra-violet to very long 


3 


INTRODUCTION 


wavelengths. They are therefore opaque, but good rcllcctors. 
Insulators are generally transparent in the visible region (or at 
least part of it) but possess strong selective absorption bauds 
both at shorter and longer wavelengths, and liavc low reflection 
cocfTicicnts. Semiconductors are generally opaque in the 
visible, but transparent in the near infra-red region of the 
spectrum. 
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ENERGY BANDS IN SOLIDS 

Iwo DIFFERENT METHODS havc bccii uscd ill tlicoFctical 
calculations of the energy levels in solids. For a detailed 
treatment of the ejuantum mechanical considerations under¬ 
lying these theories, see, for example, Seitz (1940). In 
the first method the atoms of the solid are considered to be 
widely separated initially, and the behaviour of the wave 
functions is investigated as the atoms are brought closer 
together and interaction between them increases. 

If an assembly of atoms is considered, then initially the 
allowed energy levels will be sharp lines as for a single atom, 
merely duplicated N„ times. As the atomic spacing is reduced 
and the individual wave functions overlap, the lines broaden 
into bands of levels which extend throughout the crystal, the 
number of levels in each band corresponding to the number of 
atomic levels from which the band was produced. Since by 
the Pauli principle each level can accommodate two electrons 
with opposite spins, there will be a total of 2 Na quantum states 
available in each band for each original atomic energy level. 

This method is not readily applicable to the study of electrical 
phenomena in solids, and most of the theoretical treatment of 
electrical properties is based on results obtained from the 
second method, which uses the so-called collective electron 
model. Here the valence electrons of the atoms are not con¬ 
sidered as bound to the parent atoms, but arc considered to 
be moving through the lattice, any individual electron being 
treated as moving in the combined field of the ions plus the 
average field of the remaining electrons. 

The ions are considered to be fixed at their normal lattice 
sites, so that the resultant field is periodic with the periodicity 
of the crystal lattice. Now it may be shown by quantum 
mechanics that an electron may travel unimpeded in a 
perfectly periodic field, such as would exist in a crystal if there 
were no lattice irregularities and the atoms were at rest. It is 
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1 N1R(;V HANDS IN SOI IDS 


furtlici loiiiid that siuh aii electron has only certain permitted 
cnerc^y \alLies, the energ\’ spectrum consisting of bands of 
allow ed energies separated by forbidden zones in which there 
exist no wa\cfimctions extending throughout the crystal. In 
the allowed bands the discrete energy' levels lie so close to each 
other as to be effectively a continuum. The number of energy 


states in each band is limited to a small multiple of the number 
of atoms in the lattice, and by the exclusion principle only one 
electron may occupy each state. I hus, in the simpler cases, a 
band will normally be cither completely occupied (with the 
next band above empty) or just half full. 

In the latter case w hen in the highest band the states arc only 
partly occupied, the energies of some electrons may be increased 
by application of an electric field i.e. the electrons may be 
accelerated in the direction of the field, so that a net charge 
transfer (and hence conduction) occurs. Such conditions occur 


for sodium for example, where the 'p level of the atom becomes 
a band containing two quantum states per atom in the ciTStal. 
As sodium has only one valence electron per atom, this p band 
is consequently only half full, and typical metallic conductivity 
results. Experimental evidence of tlie distribution of energy 
levels in metals is given by sol't x-ray spectroscopy (sec Skinner, 
* 93 ^)- Eombardmciit ot the metal in the x-rav tube ejects 
electrons from the inner x-ray levels of the ions of the crvstal. 
I hese levels arc then filled by electrons from the up])cr 
(valence) band, which emit solt x-ra\' (|uanta as they fall to 
(he lower energy levels. As tlie inner x-ray levels arc sharp, 
the spectrum ol the emitted radiation gi\es an indication of 
the distribution t)f energy levels in the upper band. 

It, howe\ei, there are just suHicient electrons present to 
ottupy all the states in the highest occupied band, then there 
can be no net acceleration of the electrons by an applied field 
and consequently no current, so that the material is an 
insulator. An example of this type of crvstal is furnished bv 
diamond, wlicre the beliaviour of tlie two highest energv 
levels as calculaiixl by Kimbai.h ,,,35) is illuslratai iii Figin/i. 
M a lattiee spacing ol about 10 A the and tt/i levels be<nn 
to broaden into bands. At the normal lattice spaeiug hn' 
diamond the two bands are separated by a zone se\ cral eleetron 




ENERGY BANDS IN SOLIDS 

volts wide in which no levels exist. For carbon there are eight 
quantum states per atom, which at the observed lattice spacing 
of diamond are distributed with four states in each of the two 
bands. As there are four valence electrons per atom, the 
bottom band of levels is exactly filled, and the upper band 
empty. Hence diamond is normally an insulator. 



Figure i. Diamond band structure {from Kimball) 


In such a material however, conductivity may occur if by 
some means electrons are raised from the highest filled band 
into the empty band above, where they may be freely 
accelerated. In addition to the conductivity due to such elec¬ 
trons raised into the normally empty conduction band, there 
will be a contribution from the movement of the ‘ positive 
holes left in the originally full band. By virtue of other 
electrons in the full band moving into the vacancies, the 
positive holes effectively drift through the material (under the 
applied field) in the opposite direction to the electrons. In 
general therefore, a positive hole may be treated as an electron 
of positive charge, although the effective mass will not 
normally equal the free electron mass*. 

* The effective mass of a conduction electron may also differ from the free 
electron mass. 
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ENERGY BANDS IN SOLIDS 


I WO ways in which electrons may be excited from the full 
band into the conduction band are: 

a thermally, 

b optically, by the absorption of radiation quanta. 

X-rays or electron bombardment may also be used. If the 
width of the forbidden zone is relatively small, then appreci¬ 
able numbers of electrons will be raised by thermal agitation 
into the conduction lc\cls at room temperature or above, 
and consequently such a material will be a partial or semi¬ 
conductor. "I here is thus no difference in principle between 
an insulator and a semiconductor; it is merclv a question of 
the width of the forbidden zone. 


I . I . r Y P E s o r S E M I C O N D U c: I O R 


J he above type ol'semic{)nductor, where the electrons in the 
conduction band come from the full band, is known as 
‘ intrinsic hi ‘ extrinsic ’ scmiciniductors the electrons 
oiiginate at impurity centres of some kind, these centres giving 
localized energy levels within the forbidden zone. Two kinds 
of inipurit) le\ els are possible, donor levels and acceptor levels. 
At zcio tcmpciature the former are occupied by electrons which 
nia) be excited into the conduction band as the temperature 
is raised, giving ‘electron' conductivity. On the other hand, 
acceptor lc\cls are empty at zero temperature, but electrons 
may be excited thermally to these levels from the full band, 
the positive holes thus created giving ‘ hole ^ conductivity! 
Saxon and Hutner (1949), by use of a'^simplc onc-dimcnsional 
lattice model, ha\c shown how energy levels arc produced in 

the foibidden zone by either substitutional or interstitial 
impurities, or vacant lattice sites. 

The possible ai rangements of cnoigv levels arc shown in 
bigure 2A. II neilher set of iinpnrity levels is present, the 
material is an inlriuMe scmieonchietor, an aetivation cnergv E 
bring required to raise eleetrons into the eondnetion band. If 
donor levels only arc present, then an -electron’ semi- 
conduetor with actixatioi, energy A/f, resnlts; rvhercas acceptor 
levels gtve a hole conductor with activation cncriw A/'. The 
energy ol impurity centres has been discussed by'sERlN'l 1946) 




TYPES OF SEMICONDUCTOR 

while the probability of the ionization of impurity centres by 
single or multiple phonons has been treated theoretically by 
Goodman alii (1947). Figure 2h shows the density of states 
function, i.e. the distribution of permitted levels on the energy 
diagram. 

In the case of germanium, donor or acceptor centres are 
produced simply by replacing germanium atoms by atoms 
with one more valence electron or one less. Substitution by an 
arsenic atom with five valence electrons means that four 
electrons are used in satisfying the electron-pair valence bonds 
that give rise to the full band of energy levels, the remaining 





higure 2, a Energy levels in semiconduclors. b Dis- 

tribution of permitted levels 


excess electron being bound to the parent atom with very low 
binding energy. At room temperature thermal energies arc 
niore than sufficient to free this electron and raise it into the 
conduction band of levels. Similarly if a trivalent boron atom 
IS used to replace a germanium atom, one of the valence bonds 
to a neighbouring germanium atom is incomplete. If an 
electron from a neighbouring electron-pajr bond is used to 
complete the boron-germanium bond, the result is the pro¬ 
duction of a positive hole in the full band. 

It has been shown experimentally for many materials that 
the activation energy of impurity centres decreases as the 
concentration of impurities increases. For silicon for example, 
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Pearson .iiicl Bardeen (1949) find the activation energy is 
effectively reduced to zero when the density of acceptor levels 
reaches 6 X 10^^ per cm^. Possible causes of this effect such 
as increasing interaction between impurity centres as their 
average separation decreases, or increased shielding of the 
impurity ion charge by conduction electrons, have been con¬ 
sidered by VON Heywang (1949), Pincherle (1951), Castellan 
and Seitz (1951), and Saxon and Hutner (1949). 
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HALL EFFECT AND CONDUCTIVITY 


Both the conductivity and Hall effect {i.e. the transverse 
voltage produced when a current is passed through a conductor 
lying in a magnetic field at right angles to the current) are 
determined primarily by the number of current carriers in 
the material. 

For an intrinsic semiconductor, the density of electrons in 
the conduction band at a given temperature T is found by 
statistical mechanics (see for example Fowler, 1936) to be 


where E is the activation energy, and 

2{2nmkTr^ 



where m is the effective mass of the electron in the conduction 
band, and the other constants have the usual significance. 
This result is only applicable as long as classical statistics can 
be used. The problem of highly impure semiconductors where 
the electron gas is to some degree degenerate has been treated 
fully by Shifrin (1944) and Labhart (1946). It will be seen 
that T is a slowly varying function of T, this variation being 
normally negligible in comparison with the exponential term. 

The simplest treatment of the Hall effect indicates that for 
one type of current carrier only the Hall constant R (f.e. the 
transverse voltage produced by unit field and unit current in a 
specimen of unit thickness) is given by i? = i ^Tr/Snec where 
the negative sign applies to electrons and the positive sign to 
positive holes. The magnitude of the Hall constant thus yields 
the density of current carriers, whilst the sign of the Hall 
constant gives direcdy the sign of the carriers. Alternatively, 
the sign of the carriers may be determined by observation of 
the sign of the thermo-electric power of the material. 

In order to determine the conductivity from the density of 
carriers, we need to know the carrier mobility i.e. the velocity 
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with which the carrier moves in unit applied electric field. 
Althou,Q;h the mobility is normally defined in the above manner, 
cxp(M imcntally it appears in several clifTcrcnl ways, and it is 
advisal>Ie to tabulate these din'erent experimental concepts of 
mobilitv: 

4 

/ C.onductivilj' — I'liis mobility is expressed by a = neb^ where 
//, is the ‘ conductivity ' mobility. If// can be measured directly 
without use of the Hall clfcct—for example by radio-active 
(racers, as has been done for sjcrmanium— tlien by is derivable 
from the conduclivilv. 

4 

2 Hall liffect —\Vith the expression for the Hall constant 
tfiveit above, we ha\e the ‘ Hall ’ mobilitv triven bv 

• ‘ ' 4 



Until recently the Hall effect was the only available method 

of measuring the mobility, so that most of the mobility values 

([uotecl in the literature arc derived from this type of measure¬ 
ment. 

A 1 elocity .Measurements — Direct measurement of the 

(hift velocities oi electrons injected into germanium has now 
been canied out by observing the lime ref|uircd to traverse a 
si\cii (lisi.iiuc ill ihc specimen in a known electric field. The 
mobility is then ^dven simply by /»., r.= (velocity)/(ficld). 

4 Miii^iielo-Rcsistaiice hffccl —Here the resistance change 
according to Si-ar/ (ip-jO) is 

Sp 

:! S X 10 ••V//. 

Pearson and Soul (1951) have Ibund this law to give the 
correct field and temperature dciJcndence ol' h^. 

iMeasuremcnts made on these dill'ercnt aspects of mobility 
in germamnm show that the dilfcreuces in the three values 

t.unec aie not gieat, and as far as the present treatment is 
concerned we may continue to discuss the mobility as though 
It were a uniriuc property ofe.ich material considered. It mav 
be mentioned th.at Siiocklkv (,950) has shown that the 
H.tl mobility will be less than the ‘ drift ’ or ‘ conductivity ' 
mobilities in cases where the energy surfaces of the Brillouin 
aic tonca\e oi ie-en(rant, in contrast to tlie spherical 



TEMPERATURE DEPENDENCE 

energy surfaces which are usually assumed in the theoretical 
evaluation of the Hall constant. 

When both types of current carrier arc present simul¬ 
taneously, the expression for the Hall constant depends on the 
concentrations of both types of carrier and their mobilities. 
We then have* 






For an intrinsic semiconductor where n 

Stt (~ 


R = - 


Snec \b, + b, 


= n,. this reduces to 


....( 6 ) 


2.1. TEMPERATURE DEPENDENCE 

As the Hall constant is inversely proportional to the density 
of carriers, it will vary exponentially with temperature. More 
accurately \og(RT^i^)ocEl2kT. Thus a plot of log {RT^i^) 
against inverse temperature should give a straight line from 
the slope of which the activation energy E may be deduced. 

For an impurity semiconductor with donor levels per cm^ 
situated AE below the conduction band, we find 

in the low temperature region, where the number of intrinsic 
electrons is insignificant. Since the total density of conduction 
electrons is approximately 

n = ri (rie“^/2*r ^ .... (8) 

where it is clear that the second (impurity) term will 

predominate at low temperatures, while at sufficiently high 
temperatures the first term will of course be much the larger. 

ence for an impurity semiconductor, the plot of log R against 
I/Twill in general consist of two straight lines. The slope in 
the low temperature region will be AEj^ky and at high tem¬ 
peratures Ej^k. Both activation energies may thus be deter- 
^ned from the curve. The more complicated problem of the 
istribution of electrons and holes in a semiconductor when 

* See for example, Busch (1950). 

t Assuming the Fermi level is not within AT of the conduction band. 
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both donor and acceptor centres arc present at the same time 
has been treated by Hutner cl alii (1950). 

For the conductivity, 

rr ^ n/h, -1- rj^rh,, -(9) 

AVc tiuis need to know the form of the temperature dependence 
of the mobility terms. The mobility may be expressed in 
terms of the mean free path I of the electrons (or holes) between 
collisions by the relation 

/) ='^’/\' 27 TmkT)-^ ....{10) 

wheie for the electron mobility ?n is the effective mass of an 
electron and similarly for the hole mobilitv rn is the effective 

* 4 

mass of a hole. 

In valence crystals the mean free path is determined by two 
forms of scattering, namely lattice scattering and impurity 
scattering. If the mean free paths determined by cither form of 
scattering alone arc /;, and //, then in general i / ^- i // -j- 1 7^*. 
It has been shown by Seitz (1948) that /; cc T-*. Hence in 
the temperature region where lattice scattering is predominant, 
the mobility h oc vSuch a relation h;us been verified 

experimentally for silicon (Pearson and Bardeen, 1949). 
Hence for the temperature variation of the conductivity we 
have simply a - The intrinsic activation cnerg)^ 

may thus be determined directly from a plot of log o against 
reciprocal temperature. CIonwell and Weisskopf (1946) have 
shown that for impurity scattering the temperature dependence 
of the mean free path is gi\ en by 

1 , 7 , cc T-Mog(l -bCT^) ....(u) 

uheie tlie Cl - term generally may be neglected in comparison 
with unity. Hence b cc T'* *. 1 hus in the region of impurity 

scattering there will be a temperature term in the expression 
for conducti\ ity in addition to the exponential term. However 
the effect of this term will be small compared with the expon¬ 
ential term except for very small activation energies. Methods 
of analysing mobility data to give the contributions of lattice 
and impurity scattering are discussed bv Klahr and Hunter 

{> 950 - 

* See 1 ORRI.Y .T!ul WlllTMJ R 




TEMPERATURE DEPENDENCE 

The magnitudes of the conductivities to be expected are of 
interest, and may readily be estimated. For intrinsic conduc¬ 
tivity 0- = neb — where b ~ b^ bf^. Near room 

temperature 3 “= 2*5 X 10^® and hence a = The 

value of mobility found for bulk silicon for example is 
~ 200 cm sec“^/V cm~^, so that o-~ With a 

value of mobility as great as = 3000, as has been observed for 
germanium, o-g = 1*2 x 10^, so that considerable variation in 
<tq is possible. 

For impurity conductivity, we have uq = be{}'J^)K Hence 
with jV = 10^® impurity centres/cm^, for example, we have 
c^o = o*o8^. In general the mobility will be considerably less 
than in intrinsic semiconductors, and even with high impurity 
concentrations (io^®/cm^) it is unlikely that Gq will reach 100. 
Thus values of approaching one thousand will signify 
intrinsic conductivity, where bulk specimens are con¬ 
cerned. For films however, mobilities are lower, and even for 
intrinsic semiconductors it is probable that b will be only 
50 cm sec“^/V cm“^ For germanium, for example, which 
has extremely high mobilities in the single crystal form, values 
of I to 50 cm sec^V cm“^ are quoted for films by Thornhill 
and Lark-Horovitz (1951). Thus for films, values of Gq ~ ioo 
indicate that the conductivity is probably intrinsic. 

Impurity centres which provide the donor and acceptor 
levels are likely to be of one of the following types: 

i Substitutional impurities of valency different from the 
valency of the main lattice atoms. For example, phosphorus 
or boron atoms in germanium. 

ii Vacant lattice sites. These may occur in both valence and 
ionic crystals. In the latter, either anions or cations may 
be missing. A missing anion with an electron bound to the 
vacancy is known as an F centre. 

iii Interstitial ions. In ZnO for example an excess of Zn is 
taken up interstitially. 

iv Crystal dislocations. 
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OPTICAL PROPERTIES OF MATERIALS 

The op'hcai. properties of a material can be specified by 
two p.irameters, the refractive index (;/) and the absorption 
index ik). I he two may be combined as the complex index of 
refraction, namely n' = n ~ ik. 

'J’he dielectric constant is the sc|uarc of the refractive index, 
so that the real part oi the dielectric constant is c = n~ — 
which, when there is no absorption, gives e = n-. The 
imaginary ])art of the dielectric constant, which causes the 
absoiption, is ‘Zuk. 1 his term is related to the high frcc]uency 
( onductivity (o-) by the equation nk — ct/c, wlicrc v is the 
Irequency (see, for example, Seitz, 1940). The absorption 
constant A, which is the factor determined in practice from 
transmission measurements, represents tlic reciprocal of the 
distance in which the light intensity is attenuated to i c of its 
initial value i.e. the attenuation for a thickness ,v of the material 

is exp (— A.v), rirc absorption constant is related to the 
absorption index by A' = .{irklX. 


3.1. ABSORPTION IN NON-METALS 

In the legion of llic main lattice absorption of insulators or 
semiconductors, the absorption cocllicient is very large, of the 
order of io\'m-K In general the absorption spectium will 
consist of one or more discrete lines, with a continuous absorp¬ 
tion band at higher frequencies. These discrete lines correspond 
to an electron being raised to an excited state in the field of 
ilic hole from which it originated. As the field round the 
positive hole will be similar to the Coulomb field of a simple 
positive charge, there will exist a series of bound states for the 
electron. Such a centre of excitation is termed an cxcitou*. 

riuis the lowest frequency which can be absorbed will 
produce an cxciton, but will not necessarily give rise to a free 

♦ See Wannier (1937) for tlic wavo-im-cha.ucal concept of cxcitons. 




ABSORPTION IN NON-METALS 

hole and electron. The exciton as a whole may move through 
the crystal, and may thus have momentum. However the 
selection rules governing optical transitions state that absorp¬ 
tion of a quantum of radiation can only produce an exciton of 
zero momentum, unless some energy is simultaneously given 
up to producing quanta of lattice vibrations (phonons), when 
the required rule is that the combined momentum of the 
exciton and phonon(s) is zero. Ideally the exciton formation 
would give rise to a sharp line, but in practice the lines arc 
broadened by interaction with lattice vibrations and by the 
presence of crystal imperfections, and may well be merged into 
the edge of the continuous absorption band. 

Radiation lying in the continuous absorption band will 
produce free electrons and positive holes, and hence under an 
applied field photoconductivity may occur. For absorption in 
the exciton bands, photoconductivity will not necessarily occur, 
although thermal energies from the lattice may be sufficient 
to raise the excited electrons into the conduction levels before 
they recombine with the positive holes. 

It may be noted that the edge of the continuous absorption 
band docs not correspond to the transition from the top of the 
full band to the bottom of the conduction band, as this transition 
is normally forbidden. However, owing to lattice defects and 
thermal vibrations, there is always some transition probability. 
Such a mechanism may be the explanation of the tail often 
found on the long-wave edge of the main absorption band. 
Cheesman (1952) supports this view, and discusses the tran¬ 
sition probabilities of the nominally forbidden transitions when 
vibrations of the lattice ions are taken into account. His 
theoretical results agree reasonably well with the measured 
shape of the absorption edge for cadmium sulphide. Alter¬ 
natively, the long-wave tail may be due to absorption by atoms 
on the surface or in cracks, or by impurities. The transitions 
possible on absorption of radiation are shown schematically 
on the energy level diagram in Figure 5. 

It is of interest to estimate the absolute absorption coefficient 
resulting from a given concentration of absorbing centres. 
Suppose a centre has an absorption line of frequency width v- 
Then if the energy density of monochromatic radiation is 
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OPTICAL PROPERTIES OF MATERIALS 


J crg/cm^, the probability per imit time that a quantum is 

absorbed is where is the Einstein coefficient. The 

number of quanta incident on the surface is given by 

Jc nhv. 

n — per cm^ per sec, or = — Thus if we have 
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Figure 9. Optical absorption 
transitions 


absorbing centres per cm^ the number of quanta absorbed 
(per sec) in a layer of thickness Aa; will be {nhvplcAy) jV^A.v, so 
that the absorption constant A is given by: 


1 — = 


cAi' 


If A'Aat is small this reduces to A* = hv^NJe/^v. The value of /J 
h^e^fl{hvm) (see for example Mott and Sneddon, 1948) where 
/is the oscillator strength of the line. Hence 


A' = 


wcAi' 


= 10 {'or f = 1 and /lAi- = leV 


• *• • (^3) 

This calculated value of A may be compared with data 
obtained by Kleinschrod (1936) for the impurity absorption 
band formed by F centres in KGl. For a particular case the 
density of impurity centres was 115 x loi^/cm^, and the 
observed bandwidth of tlie line approximately 1/3 eV (at half 
maximum A'). Hence the calculated A'= 345 cm"*, which 
compares closely witli tlie observed absorption maximum of 
310 cm-*. This example gives the typical order of magnitude 
ol the absorption constant in an impurity absorption band. 

J lie loimula may also be correlated with the absorption 
lonstant found for main lattice absorption. For germanium 
for example, data from Bratpain and Hrioos (1949), show the 
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ABSORPTION BY CONDUCTION ELECTRONS 

bandwidth (at half maximum absorption) to be approximately 
2‘5 cV. Now germanium has 4-5 x 10^2 atoms/cm=^. Hence 
the formula gives A* ~ 2 X io®cm”^. The observed maximum 
value of A'is I X lo^cm-^, so that the agreement is reasonable. 
There is thus a pronounced difference in the magnitude of the 
absorption due to the main lattice or to impurity centres, and 
hence quantitative absorption measurements are often useful 
in deciding whether photoconductivity in a particular band is 
intrinsic or arises from impurities. 


3.2. ABSORPTION BY CONDUCTION ELECTRONS 


In addition to the frequency-selective absorption already 
discussed, there will also be absorption by any electrons in the 
conduction band, and in cases of high impurity or high 
temperature this will be considerable. As the magnitude is 
much less than that in the main lattice absorption region, this 
type of absorption is most obvious at long wavelengths, where 
the perfectly pure material with no thermally excited electrons 
would otherwise be transparent. 

For carriers moving in a perfectly periodic field, absorption 
of radiation is theoretically forbidden. However, as the strict 
periodicity of the field is destroyed by lattice vibrations and 
imperfections, this restriction is relaxed and absorption occurs. 
The magnitude of the absorption is given by 



e'^N, 2 Try 

4L7T^m y2 -|- t/2 



where y is the damping factor. Now nkv is the specific conduc¬ 
tivity of the material, and hence when »^<^y, we have the 
low frequency conductivity a = e^Nj 27 TTny. Alternatively, 
o = N^eb and hence y may be expressed in terms of the 
mobility as 2 Try = elmb. 

Hence nkv = a(i + = Kcnj^n since K = 47r^/A, 

giving 

■••■(15) 

cn 


Thus at not too long wavelengths where vjy^i, the absorp¬ 
tion constant should vary as the square of the wavelength. 
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OPIICAI. PROPERTIES OF MATERIALS 

J his is lound to be so for silicon and germanium, and the lead 
chalcogcnidcs, although (as discussed later) the absolute mag¬ 
nitude of the absorption is in error by sevxral orders of 
magnitude. 

As an illustration of the absorption of a semiconducting 
element over a wide range of wavelengths, Figure 4 shows the 
data available for germanium. The values of the absorption 
constant cover a range of seven decades. 



Figure ./. Absurptiou in 
germanium 


3,3. REFRACTIVE INDEX THEORY FOR INSULATORS 

In the Lorentz treatment of refractive index, the material is 
considered to contain electrons held in equilibrium positions 
by elastic forces. The equation of motion of an electron under 
an applied electrostatic field £e“’'"'' is then m.v + Sirmy’ + ^.v 
= — where y is the damping cocfTicient and g the 

force constant. Hence 

.V = - ~ AV-"'" 

47r'-^/« { (tq- — -b 1'**^“}* 

where = ^/477-m is the resonant frequency, and the phase 
angle ^ = tan'' 

I'o — >’ 

Now the current density associated with this motion is 
~ N/x = (fT -f- 27 r(Va) ire®'"”' where o is the specific conduc¬ 
tivity, a the polarizability of the material, and N, the density 
of oscillators. Hence the high frequency dielectric constant 
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€ = 1 -f 4ra r- 1 + 


A>- 


>’o" — ^ 


/?l7T I Tq- — -f- 


....(iG) 


At relatively lonj^ wavelengths where i' -> o, this becomes 


e 




/WTn'Q- 



As an example of the applicability of this simple theory, wc 
may estimate the value of e for germanium. Now I'o is the 
frequency for the maximum value of 2w/: (see Simon, 1951), 
i.e. the imaginary part of the dielectric constant, for which the 
experimental value is = 5 x io^‘*c/s (Brattain and Briggs, 
1949). Inserting this value in equation 17 gives e = 15. This 
value is close to the square of the observed refractive index, 
namely = 16, and shows that even this simple theory can 
give the correct order of magnitude for the dielectric constant. 

The simple theory above does not include the effect of the 
internal field produced by dipoles induced by the applied 
field E, AVhen this correction is applied equation 16 is modi¬ 
fied to give the Lorentz-Lorenz formula* 


€ — I He- 1 / 2 _ 1,2 

e + 2 - "-)“ d-y'*'- 

For frequencies well removed from the y'^v'^ term may 
generally be neglected, giving {e — i)/(e 2) = AI{vq^ — v^) 

where .4 is a constant. Either of the dispersion formulae 16 
or 18 may conveniently be rewritten in terms of refractive 
index and wavelengths as 


1/(^2-1) = a-blX^ •.-■(19) 

The form of equation 16 obtained by this simple classical 
treatment is essentially the same as that obtained by quantum- 
mechanical treatments, except that the single term is replaced 
by a series of terms (for each absorption line), the terms being 
weighted by an appropriate oscillator strength for the line. 
Fuller treatment of dispersion theory is given in standard 
works, such as Van Vleck (1932) and Rosenfeld (1951). 

It should be noted that the real and imaginary parts of the 



* However, Mott and Gurney (1948) maintain that the simple Drude formula 
equation 16 is more accurate than the Lorentz-Lorenz formula. 
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dielectric coiisliinl arc not independent, but that if either is 
known for all frequencies, then the other is completely specified 
(sec Bode, 1945)- For example if the imaginary part of the 
dielectric constant 2nk ‘\s, known, then the real part 



where is the frequency at which it is desired to calculate 
the real part of the dielectric constant. It follows that the 
refractive index extrapolated to zero frequency, is given by 

2 r” 

^0^ — 1 -- 2 /?AdA/A, a relation which has been given 

ttJo 

by Birnbaum (1949). 


3.4. RELATION BETWEEN THERMAL AND OPTICAL 

ACTIVATION ENERGIES 


By the Franck-Condon principle, when an electron is removed 
from an atom by the absorption of a light quantum, the 
surrounding ions do not have lime to move during the process. 
The optical activation energy is thus the energy required to 
remove the electron with the ions stationary. After the 
absorption act however, the lattice ions will move to new 
equilibrium positions, the energy of the crystal being somewhat 
lowered in the process. The dilfcrcncc between this final 


energy stale and the initial stale before the absorption, repre¬ 
sents the thermal activation energy. The optical activation 
energy will thus exceed the tliermal by the amount of cnerg)^ 
given out as tlie ions move to their new positions of equilibrium 
after the absorption process. For ionic crystals Moi't and 
Gurney (194^) estimate that the energy given out per volume 

. /I 1 \ ^2 

^ ^ ~ ^ 7 8 77 *’ t and €0 are the high frequency and zero 

frequency dielectric constants respectively. By postulating an 
enbetive volume for the centre, this expression can be integrated 
over that volume. The main characteristic of the resulting 
expression is that it is proportional to 1 /e — i/€(,. There should 
thus be considerable diflercncc in the activation energies for 
highly polar materials. However, for compounds where 



THERMAL AND OPTICAL ACTIVATION ENERGIES 


e €o, or for monatomic crystals (where e and should be 
equal) there should be negligible difference. 

The validity of the assumption that € and are equal for 
elements will be discussed on the basis of the experimental 
data available in the chapters on the individual elements. 
Theoretically any absorption bands in the infra-red will 
contribute to the dielectric constant, and will result in e > eg. 
A pure non-polar material has no strong absorption bands in 
the infra-red (in contrast to the vibrational bands associated 
with ionic crystals) but impurities giving absorption bands in 

this spectral region can produce small changes in the refractive 
index. 

Seitz (1940) deduces the contribution to the refractive index 
(An) to be 



(«2 + 2)2 

IStt/W n 



where is the frequency of the impurity absorption band and 
y the damping coefficient. Putting 1/ = o to find the contri¬ 
bution to the low frequency index of refraction we have 


Taking at and/=i we have An=5X 
Hence for n = 2 and lo^^/cm^ we have An = lO”^. We 
niay thus conclude that normal impurity concentrations will 
have a very small effect on the refractive index. 


% 
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PHOTOCONDUCTIVITY 

Much of the pioneer work on the investigation of photo¬ 
conductivity was done by Gudden and Pohl and their 
co-workers (see Gudden, 1928), working mainly with insulating 
crystals. They recognized two types of photoconductivc 
crystal, namely 

/ idiocliromatic crystals whose properties arc determined by 
the basic material alone and not by any artificially intro¬ 
duced impurities, and 

II allochromatic crystals which arc not photoconductivc when 
pure, but become so wlicn foreign atoms or particles arc 
introduced into the crystal. 

Grystals of type / arc characterized by high refractive indices, 
and Gudden and Pohl found that for a material to be photo¬ 
conductivc without artificially introduced impurity centres, the 
refractive indc.x must be greater than about 2. Diamond is an 
e.xamplc of a type 1 crystal, while both yellow and blue rocksalt 
arc of type //; pure rocksalt itself being inactive. Even in the 
pure type 1 crystals Gudden and Pohl believed that photo- 
electrons originated only at preferred points in the lattice, and 
not at every atom. They also distinguished between primary 
and secondary photocurrents, and gave the following charac¬ 
teristic dilfcrcnccs between the two: 


Primary Currents 

a ‘ Instantaneous ' with illumination 
b Little temperature depemieme 
c Qjmntum efficiency unity 
<1 Occur in perfect crystals 
e Proportional to HqIiI intensity 
f Current initially proportional to 
applied field, finally saturatin'^ 


Secondary Currents 
Appreciable time lag 
Marked temperature dependence 
May exceed unity 

Usually larger in less perfect crystals 

Often hysteresis effects 

No simple function of applied field 


Ihc primary current constitutes the pure photo-eiVcct, 
whilst the secondary current is attributed to a lowering of 
electronic barriers by the primary current, thus permitting the 
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PRIMARY PHOTOCURRENTS IN INSULATORS 

flow of additional electrons. The primary photocurrent is thus 
best studied in flawless single crystals, secondary currents being 
enhanced by intercrystalline barriers. 


4.1. PRIMARY PHOTOCURRENTS IN INSULATORS 


When the insulating crystal is illuminated by light of such a 
wavelength that electrons are raised to the conduction levels, 
they are then free to move through the crystal lattice under an 
applied field. The positive charges may also be mobile and, 
if so, they too contribute to the primary photocurrent. 

The current obtained however, is not independent of the 
applied field, as the photoelectrons do not, in general, all 
succeed in reaching the anode. The explanation is that after 
travelling an irregular path through the crystal for some time, 
the electron becomes trapped at some crystal imperfection, or 
by recombination with a positive hole. The total distance 
travelled by an electron in this time may be large the order 
of I cm—but unless the applied field is very high, the net move¬ 
ment towards the anode will be only a small fraction of this 
distance. 

Initially the distance moved by the electron towards the 
anode is proportional to the field, i,e. net charge transfci 
between the electrodes (and hence photocurrent) is pro¬ 
portional to field. If the positive holes are immobile, it is clear 
that the photocurrent will saturate when the field is sufficiently 
high to drag all the photoelectrons to the anode before they 


are trapped. 

An elementary equation for the form ol the current/voltagc 
curve may be obtained as follows. Consider a slab of ciysta 
between parallel electrodes of separation hj illuminated so that 
electrons/sec are produced uniformly over the area between 
the electrodes (see Figure 5a). Taking the distance d trave e 
by a photoelectron towards the anode before being trappe as 
proportional to the field, then d = CVjh where C is a constant. 
Thus those electrons produced at a distance > (/ from t e 
anode will all travel a distance d, so that their contribution to 

de{h-d) 

the charge measured in the external circuit is 
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PIIOTOCONDUCTlVll’Y 


'I hosc produc ed within the distance c/of the anode will produce 
a charge contribution of 


(^ < 1 -^ ....(2 1 ) 

J h h 2/f- 

0 

Hence the total charge transfer is q ~ {Nedlh){i — [dl2h)}. 
Now djh = VIVq where V\ is the voltage required to drive an 
electron fully across the crystal. Hence 



so that the curve of c/ against F should be a parabola. Some 
results given by Gudden and Poke (1921) for diamond 
arc plotted in the form qjV against V in Figure 5b. The fact 



Figure 5. a Motion of photoelecirons, b Charge- 
voltage relation for diamond 


that the points he fairly close to a straight line shows that the 

above relation adequately represents the results. For the 

example shown, current saturation woidd occur at (' = i ^60 
or 15,300 V/cin. 
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PRIMARY PHOTOCURRENTS IN INSULATIJRS 


Gudden and Pohl showed that lor dianioitcl the photocurrent 
obtained with saturation field corresponded to the release of 
one electron for each absorbed light quantum. In these 
measurements it was found that the positive holes were 
normally immobile, but that they could be rendered free to 
travel through the crystal by illumination with intense infra¬ 
red irradiation. If this radiation was applied at the same time as 
the primary ultra-violet radiation, then the photocurrent due 
to the ultra-violet alone was practically doubled. 

^ Alternatively, if the infra-red was applied after the ultra- 
violct^ was turned off, a supplementary current of similar 
magnitude was obtained. Application of the infra-red without 
pre-illumination gave no photocurrent. Typical figures 
obtained by Gudden and Pohl (1924) for the charge passing 
between the electrodes were: 


UUra-vtoUt alone, 


375 X 10 


^ f ^ - - - — 

Subsequent infra-red aloruj 3’63 x iO“*® C 

It was later shown by Gyulai (1925) that for every quantum 

absorbed to produce the primary current, 

abSrf"^ T long-wave light had to be 

0 produce the positive photocurrent. 

quantu^m^ (^923) also established the principle of 

ty thj fact'ih',"™' ““““y “f ■I''''- ij indicated 

they calcuht quantum efficiency to be unity, 

diamond anf/-'"'"^' to be A = 6-8 x lo-^’ using 

compared with th~ ’ ° ^ as 

X to-^erg^ec. 

tliat for this matp ' 1 Serjnanium by Goucher ( 1950) show 

p-<«i«ccdts"btr,?r“ ““»“ p»»"™ -c 

Lehfeldt (iQort fn J ^ light quantum. For .silver bromide, 
«nt, and a sirni]. f ^^out 60 per 

GoonmcH and S (t^t)." 

Pro^Sd bTXtocr 

dtus established thatThe^T ^y ('92.5), who 

nat the photocurrents were electronic (arul 
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not ionic) in ciiaractcr. l*'roin the magnitude of the Hall effect 
the mobility of the photoclectrons can be found. 

II the positive holes produced by tlie illumination arc 
immobile (as is to be expected if the photoelectrons originate 
at impurity centres) a space charge will build up in the crystal, 
and the photocurrent will gradually decrease with time. To 
avoid this effect, measurements on insulators are usually made 
using pulses of light of short duration. 


4.2. PHOTOCONDUCTIVITY IN SEMICONDUCTORS 

Most of the early measurements on photoconductivity in 
scmiconductoi s ^vcrc of a superficial nature. In general no 
attempt was made to separate primary and secondary currents, 
and most of the measurements were made on natural crystals 
of unknown purity content. For example Goblentz and 
Kahler (1919) in their measurements on MoS, show response 
times of about 5 minutes, so that the currents must be secondary 
ones. Gudden and Pohl (sec Gudden, 1928) showed that such 
ong time effects occur in CdS, and they showed also that the 
shape of the spectral sensitivity curve for HgS was altered 
slightly according to whether primary or secondaiy currents 
wcie involved. 1 he effects of secondary cuiTcnts can be 
greatly reduced by carrying out measurements rapidly i.e. 
using cither short pulses of illumination, or chopped radiation. 
1 lie mam dillcrcnccs between photoconductivity in semi¬ 
conductors and in insulators arise from the fact that in the 
oimcr thcic arc already considerable numbers of conduction 
electrons (or holes) present in the un-illuminated material 

and the photocurrent is quite often onlv a fraction of the dark 
current. 

I he presence ol electronic barriers which arc modulated by 
the pi unary photoclectrons can lead to changes in the dark 
cinrent which greatly c.xcccd the primary photocurrent itself. 
Jn oxidized layers where such effects arc particularly marked, 

rn^v of I'undrcds and even thousands 

orrem (F^BENDER, 1947). This effect of the field 

lisc rser."/ ^ F'io^Bi-y photocurrent has been 

(lisrusscd by Stockman (1950). 
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In order to eliminate the efi'ects of intercrystallinc barriers, 
some workers have used the photoconducting material in a 
condenser and then measured the a.c. impedance of the con¬ 
denser (PuTSEiKO, 1949). By making the a.c. measurements in 
the presence of a steady electric field, this worker was able to 
determine the sign of the current carriers. As regards spectral 
response curves, Putseiko’s results do not differ significantly 
from those obtained by conventional methods. 

Hall effect measurements show in copper oxide that the 
efifect of illumination is simply to increase the number of current 
carriers, without altering the mobility (Engelhard, 1933) i.e. 
the mobility of the photoelectrons is the same as that of the 
thermally excited electrons. 

In semiconductors the energies involved are small (otherwise 
thermal energies would not be suflicient to raise appreciable 
numbers of electrons to the conduction levels), and conse¬ 
quently the photoconductive wavelengths usually lie in the 
infra-red region of the spectrum. 
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SPECTRAL DISTRIBUTION OF 
PHOTOCONDUCTIVITY 


Radiation of frequency greater tlian that of the series limit 
of the absorption spectrum will produce free electrons and 
positive holes, and thus photoconductivity should result under 
an applied field. However, in the region of very high absorp¬ 
tion where the absorption constant is ~ lo-^cm-*, the 
radiation can only penetrate a thin surface film, and thus can 
only produce photoconductivity in this film. Surface imper¬ 
fections will tend to impede the flow of this current more than 
currents through the bulk of the material. .Also, the fact that 
the radiation is absorbed in a thin surface film means that 
the density of photoelectrons produced will be high, and 
theiefore the probability of recombination of holes and electrons 
will be high. For these reasons the photocurrent in the region 
of highest absorption is always less than near the absorption 
edge. For some crystals the photocurrent drops rapidly as the 
ficc|ucncy exceeds that near the absorption edge, but the 

effect IS usually much less pronounced if thin layers (~i(i thick) 
arc used. ' 


For most materials investigated in the form of thin layers 
the spectral sensitivity curves (for an equal energy spectrum) 
are .similar to that shown in Figure 6a., which represents results 
obtained for arsenic. For short wavelengths the sensitivity 
rises slowly as the wavelength increases, then, after reaching 
some threshold ’ wavelength, starts to fall rapidly. It is found 
that if the spectral sensitivity curves arc plotted as log (sensi¬ 
tivity) against linear wavelength, this fall is usually approxi¬ 
mate y a straight line i.e. an exponential fall in sensitivity with 
wavelength occurs. 'Fhis relation was shown to be obeyed by 
lead sulphide (Moss, 1949b), and the majority of the curves 

lor the elements given later in this volume will be seen to show 
the same behaviour. 
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DETERMINATION OF OPTICAL ACTIVATION ENERGY 


5.1. DETERMINATION OF OPTICAL ACTIVATION ENERGY 
BY RELATION TO THE THERMAL ACTIVATION ENERGY 

From measurements on the spectral distribution of the 
photoconductive effect (shown in many figures later) it is 
clear that no absolute threshold wavelength exists i.e. there is 
no wavelength at which the sensitivity vanishes completely. 
There is thus no significance about the longest wavelength at 
which the photoconductive effect can be measured, as this can 
in principle be extended indefinitely by using a more powerful 
source of radiation, or a higher gain amplifier (narrowing the 
bandwidth to reduce the noise, if necessary). For an arsenic 
layer for example {Figure 5 a), the sensitivity falls steadily over 



Figure 6. Spectral sensitivity curves for 
arsenic, b Full line experiment. Points 
theory {equation 23) 


a langc of 1,000 : i; while for a PbS layer, the author has 
o served an exponential fall over a range of more than 
10,000 : I. However thermal measurements (Hall effect or 
cormuctivity) give a precise value of activation energy, and it 

necessary to define a ‘ threshold * wavelength from 
'v ich may be derived an optical activation energy for com¬ 
parison with this energy. 

We will consider a monatomic solid (that is an intrinsic 
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semiconductor), where there should be no difference in the 
thermal and optical activation energies in consequence of the 
Franck-Condon principle, because the material is non-polar 
and has the same dielectric constant at both low and high 
frequencies. For mathematical convenience we will represent 
the spectral sensitivity curve by the equation: 



1 

1 -h exp{p(EQ — E)} 



where /3 is a constant, E is the energy at any wavelength, and 
Eq the energy at the ‘ threshold ’ wavelength. This curve has 
a flat response at short wavelengths, and an exponential fall 
with energy at long wavelengths. The experimental results arc 
more accurately represented by an exponential fall with 
wavelength (sec Figure da), but the difference is small as Figure6h 
slu)ws. Here the full line shows the experimental curve while 
the circles arc points calculated from equation 23 with 
p = 8-0, and Eq = i’27cV. 

It is assumed that the varying sensitivity results from the 
distribution of energy levels from which the photoelectrons 
originate (or alternatively to which they may go). Such a 
distribution of centres has been considered by Busch {1946) in 
another connection, and by Rose (1951). If the distribution 
is such that ihcrc are Jsf[E)dE levels between E and E + d£, 
then with radiation of a given quantum energy the amount 
of absorption, and hence the sensitivity, will be proportional 
to the total number of centres of energy lower than Exl 


JyW(£)d£. Hence 


or 


S{E) oc J''V(£)d£ j 
M{E) = G 

dE 


....(24) 


where 6' is a constant. By using the expression for S{E) wc 
obtain 


_/V7/.) = exp { /?(A'o -^E)} 

[l-\-cxp{^[E,-E)}y 


■■■■ (25) 


From this expression for the distribution of levels wc can 
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calculate the number of electrons which will be present in the 
conduction band due to thermal excitation. 

If in Figure 7, we take the zero of energy at the bottom of 
the conduction band, the number of electrons per cm^ raised 
thermally to the conduction levels from the level E will be: 
C{j^(£)}i exp (- El2kT)dE where C is a constant, and the 
total number raised to the conduction band 


C{N[E)y exp (- Ej 2 kT)dE ... .(26) 

Putting Eq~ E = then 

„ _ C{G^)^ * exp (^^/2) exp — E^j2kT 

J_« l+exp(^^) 

The positive limit of integration is taken as infinity for con¬ 
venience, although in reality ^ should not exceed £“0. However, 


ConducHon band 




Figure 7. Distribution of energy levels 


in practice the number of levels is zero at ^ even 

from the assumed formula for S we find at £ = o 

for PbS for example. Hence 


n = CAGB)^ f E^jzkl) ^ 

l+exp(^^) 

This expression can be arranged in the form of a known 
integral as follows: 


P.E.~8 
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Put 


where 


= X, iiiid 


2 a 


1 + 


1 


pkT 





c 




1-f e" 


dx 


Putting c'=v, the integral gives I ( ^dj*, which has the 

J .) \1 -f- yJ ' 


value Tr/sin Tra*. Thus 

. / 6 ’ \ * 77 - 


„ = r,f V ’ 

V/j/ sin 




....(27) 


Tilis corresponds to the expression occurring in the conductivity 
or Hall effect from the simple theory of electrons excited into 
the conduction band from one definite energy level, namely 
n = «o exp (— 1172^7') where IT is tlic activation energy, or 
width of the forbidden zone for intrinsic conductivity. 

Hence by comparison, IT = Thus when £ = IT, the 
sensitivity is 

6’ = [1 +cxp{^(£„- n-)}]->=.J ....(28) 

We thus reach tlie important conclusion that, the activation 
energy is determined from the spectral sensitivity curve as the 
point where the sensitivity has fallen to half value, that is 

ir quantum energy at 

In cases where two or more bands of sensitivity arc present, 
the activation energy of the longer wavelength bands will be 
determined from the wavelength where the sensitivity has 
fallen to half its value on the flat part of the curve immediately 
preceding the exponential fall. 


5.2. MKTIIOn OF PIIOTOKI.K(FrRIO LINES 

1 here is a second method which has been suggested for use in 
determining the threshold wavelength, the method being 

, »(i I { (ij^ikT) is a slowly varying function 

<. / provided fi/il IS ai)i)rcciably > i. In all cases must l>e or 

tlie above theory is not applicable since it would imply semi-metallic properties 
HI the inatv'riai with t*iicrj»y gni> o. 
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analogous to that used in photo-emission measurements to 
determine the work function of metals. Richardson (1912) 
•showed that if a metal surface be exposed to the total radiation 
from a black body at a temperature 7 , the total photo-emission 
from the surface should be given by 

where Vq is the threshold frequency for the surface. Hence 
plots of log (// 72 ) as a function of inverse temperature should 
give straight lines, the slopes of which yield the work function. 
This method was used by Roy (1926) who found the plots to 
be straight lines, the work functions from which agree well with 
those obtained by the Fowler—DuBridge type of measurements. 
(See Hughes and DuBridge (1932).) 

The suggestion has been made by Lange (1938) and also by 
7 'reu* that a similar relation should hold for the internal 
electron ‘ emission* in a photoconductor. Thus the number of 
electrons raised to the conduction band, and hence the photo¬ 
current, should be proportional to T^e-^'"^'^^where 7 is 
the temperature of the black-body source. Both workers carried 
out experiments, and found that the ‘ photoelectric lines ’ 
plotted according to the above formula were indeed straight 
lines. By this method Lange found the activation energy for a 
selenium cell to be 1-46 eV, equivalent to a threshold wave¬ 
length of 0-84 This figure may be compared with spectral 
sensitivity measurements made on various selenium cells by 

Brown and Sieg (1914) from whose curves it may be seen that 
the values lie in the range 0*75^1 to 0*85^. 

Results obtained by Treu on lead sulphide cells may be 
compared with A^ values obtained by the present author 
(Moss, 1949b) on similar cells: 


^ .Author 

Temperature Equiv. threshold Temperature value 

17°to20°C 2-7(Ato3-2ti 17°C 2'7 ll to 2-!f(jL 

- 70"G 3-1[a to 3-4(i. - is^c 3*o|i to 3-3pL 

The agreement between the two sets of results is very good— 
any systematic difference being smaller than the scatter in 
either set of measurements—and they can therefore be 

Treu, M. Report of war-time work at Erlangen L^niversity. 
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considered as experimental proof that the threshold wavelength 
found by the Richardson type plot and by the Aj value on the 
photoconductivity curve are the same. 

It is interesting to note that measurements by Treu on one 
of his cells at 20°C and — 67X gave a spectral shift of o-3tx; 
which compares well with the value of o-32fi found by the 
author (1949b). Values of A^ obtained from curves given by 
Roth (1938) and Fischer et alii (1938) also give Aj values 
similar to the above. 

It is concluded therefore from these two lines of approach 
that the ‘ threshold ’ wavelength to be used to determine the 
optical activation energy is the wavelength where the sensitivity 
has fallen to half its value at either the maximum, or the 
flat part of the curve preceding the exponential fall. Con¬ 
firmation is obtained from the generally good agreement found 
(in the results to be described in later chapters) between thermal 
and optical activation energies in the elements, where the two 
values would be expected to be approximately the same. 
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6.1. RESPONSE TIME AND P H OTO C U R R E NT -1 NTEN SIT Y 

RELATION 

Calculations are carried out for a single crystal model on the 
basis that the rate at which the photocurrent builds up after 
illumination is applied, and the final steady value which it 
reaches, are determined by the recombination of the photo- 
electrons with the positive holes (produced at the same time 
as the photoelectrons) or with other trapping centres. Donor 
or acceptor impurity centres will both act as trapping centres 
when they are unoccupied. 

Conduction band 


Q 


h 

Figure 8 

Consider a semiconductor as shown in Figure < 9 a, with M 
impurity levels per cm^ near the full band. The radiation 
raises Q. photoelectrons from the full to the conduction band 
per cm^ per sec. Suppose that originally n' of the acceptor 
levels are occupied, leaving holes in the full band, and that 
the conduction band is empty. Let B be the recombination 
coefficient and n the density of photoelectrons in the conduction 
band. Then the equation for the build up of the signal is 

dn/dt = d- Bn{n + w' + M - «') = Q,- + M).... (30) 

if the same recombination coefficient is taken for both holes in 
the full band and acceptor levels. 


ru// band 

a 


Conduction band 



Full band 
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II //j is the density oi eouduction elcetruns when equilibrium 
has been attained, then 

dnjdt = 0 = d- Bn,(n^ + M) 

.*. + M)= dl^ 

Hence for small signals, with A/, the final density of photo¬ 
electrons is Wj = Thus we see that there is a linear 

relation between and Q^at low levels. Since the photocurrent 
is proportional to Wj, and Q,is proportional to the radiant power 
producing the signal, then the photocurrent must be pro¬ 
portional to the radiant power in this range. As all semi¬ 
conductors contain some impurity levels, it is always possible 
to have small compared with i\/, and so for sufficiently small 

signals the photo-response should always vary linearly with 
incident power. 

For large signals, with Wj^A/, tlic above equation gives 

^ 0^!^ or n^ = (d!^)^- Thus for large signals, the photo- 
current will be proportional to (Power)Similar conclusions 
were reached by Pick (1948) for the signal-intensity relations. 
Recent measurements on cadmium sulphide (Smith, 1951) 
show that at low levels of illumination the response is practically 
linear over several decades of energy, but that it follows 
approximately a (Power)* law at Iiigh intensities. 

Toi very pure materials, M will be small and the change 
oyer from linear to (Power)* relation will occur at very small 
photocurrents. On the otlier Iiand when Mis large, the photo¬ 
current should be linear up to relatively high values of incident 
power. Integrating equation 30 we obtain 


+ « + M til + -'f ^ ~ 

Ihus for < M tijni = i - exp ( - BMi), and the response 
time, defined as the tune for the signal to reach i — i/c of its 
maximum value, is r == i//id/. A study of the build up of the 
signal when the bi-niolecular recombination process applies 
has been pubhsiicd by von Hippel and Rittner (1946). 

If there is some intrinsic conductivity in the dark, due to 

leimal excitation of the electrons at a rate of A/cm^/sec, then 
equation 30 is replaced by / / > 
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d;//d; nn{?i + M) ....(31) 

and A — 5//p{»Q -\- M) where Hq is the density of conduction 
electrons in the dark. Putting A/? — n — 

d?ijdt = 0 ,— BAn{^n {-A') .... (32) 

where X = AI A- sWq. Thus for small signals (A«<^ X)y the 
steady value of An is given by Anj = (tlBX^ so that the photo¬ 
current is proportional to the power as before. 

For large signals, An ^ Z, An^^ = BjQ^, so that again a 
{Power) ^ law will be reached at sufficiently high levels. 
Integrating equation 32 gives 

An, — An An, 

+ A« + z = A«\ + 

Ihus for Anj small, An/Anj = i — exp ( — BXt), giving 
response time t = ijBX = ilB{AI -f- 2n(,). Thus both the 
response time t and the signal An^ will decrease as n^ increases, 
the two bearing the simple relation 

• (33) 

This relation has been shown to hold by Lashkarev et alii 

(1949); 

Raising the temperature will increase n^, the increase being 
rapid in the range of intrinsic conductivity, so both r and the 
signal (or sensitivity) should decrease on heating. For a 
tellurium cell the sensitivity was found to decrease greatly on 
warming from liquid air temperature to room temperature (sec 
Chapter 21). A similar variation in sensitivity in a germanium 
cell has been found by Becker and Fan (1950). The photo¬ 
voltage of their cell decreased by 10^ between ioo°K and 
29 o°K, while the response time fell from i,500[a sec to less than 
i2(x sec. Similar temperature variation of response time and 
sensitivity have previously been reported for lead sulphide 
(Moss, 1947), while for cuprous oxide Ryvkin (1949) has 
shown that t varies exponentially with reciprocal temperature 
in the same way as the resistivity, i,e. toci/o-x exp {Ej2kT). 

The results derived for the defect conductor considered 
apply equally to an excess conductor. Also the same equations 
apply to a semiconductor where the photoelectrons originate 
at donor impurity levels, as opposed to the full band. For 
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example lor the ease illustrated in Figure 8 b, if all the ‘ jV’ 
levels are occupied in the dark, there will be M electrons shared 
between the conduction band .ind the 'M' levels. Hence 
(h//d/ Q,— B{n + M)u wliich is identical with equation 30. 

Tor any of the above examples, the treatment becomes some¬ 
what more complicated if dilFercnt recombination coeflicients 
arc used for the different levels. 

A lengthy treatment of the theory of the photo-response has 
been given recently by Rose (1951) in which he pays particular 
attention to the effect of trapping on the response times and 
photocurrents. He shows that trapping centres distributed 
exponentially with energy depth below the conduction band 
can give rise to exponents between unity and a half for the 
signal/intensity relation. 


6.2. MAGNITUDES OF PHOTOCURRENTS AND RESPONSE 

TIMES 

An idea of the values of B to be expected may be derived from 
estimates of the capture cross-section for an electron by a 
trap (>r positive hole. If this cross-section is c, then an electron 
moving with velocity u will sweep out an effective volume 
cu per second, I his volume contains Aim traps, so that the 
average time before recapture is t = ijMm. But r = i/BM, 
so we have /i ~ m. If c is comparable with normal atomic 
dimensions i.e. lA square, then for thermal velocities where 
u lo’on/sec, we find that 7 ? ^ lo'^ cm^/scc. With a 

density of centres M ~ 10* * to 10*” per cm^, the response time 
will be T = io“® to io“®scc. 

Measurements on germanium (Shockley el alii, 1949) show 
that in this material the capture cross-section is actually much 
smaller than the above estimate. The figure given is cm*, 
so that B = lo*^*'. For thallous sulphide, B is about 
to 10- >2 (von Hippei. and Ritiner, 1946), for PbS, Pick 
(1948) finds 10^* \ and for CdS Fassbender and Lehmann 
(1949) give 10 to io->*cm 3 /sec. Thus response times of 

10 sec or moie become feasible. The values of response 
limes which have been measured for various photoconductors 
he mostly between io-« and 10 2 seconds, although the 
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absence of shorter response times is no doubt largely due to 
the difliculties of measurement. 'I’hcre arc indications that t 
is only ~ io”^scc in diamond (McKay, 1950). The theory 
thus gives the right order of magnitude for the response time. 

For the photocurrent = Q^jBM = and Act = /!ineb. 
For a layer i cm square, thickness d cm, with q quanta/scc 
absorbed, Q^= gjd^ and the photocurrent = dVAneb 
= ebqrV^ where V is the applied voltage and unity quantum 
efficiency is assumed. 

Thus for example, with t = iji sec, q = lo**^ {i,e. 2 milliwatt 
at ifi wavelength) b ~ iocmsec“^/V cm”^ and V = looV, 
we find Af = io“® amp. High photocurrents will result when 
T and b are large. For example, in high purity germanium 
T^ioofAsec and = 3,500 cm sec“VV cm“h so that with 
other parameters as above Af = 50 mA. At the other 
extreme the values might be as low as t = io”®sec and 
^ = I cm sec~^/V cm“i, so that the photocurrent would only 
be io~® amp even with a quantum efficiency of unity. Should 
the quantum efficiency be only i per cent, the photocurrent is 
proportionally reduced to io“^^ amp. These figures cover the 
general range of photocurrents met in practice. 

In the above treatment, only recombination probabilities 
in the bulk of the material are considered. The effect of a 
different recombination probability for the surface has been 
discussed by Suhl and Shockley (1949), Becker and Fan 
(^ 95 *^)) and Haynes and Shockley (1951). 

6.3. BARRIER theory OF PHOTOCONDUCTIVITY 

Ihc theory of § 6, i assumes that the variation in conductivity 
on illumination results from a change in the density of 
conducting electrons or holes, as the case may be. A possible 
alternative explanation is that the number of conduction 
electrons is relatively unaffected by the illumination, but that 
the effective mobility is increased. 

More specifically the theory (as outlined by Gibson, 1951 
and Rittner, 1950, for example) supposes that the primary 
photoeffect is to excite a small number of electrons in the 
neighbourhood of potential barriers, these electrons causing a 
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reduction in (lie height of (he barriers so that conduction by 
the large density of free electrons normally present is increased. 
'I'his type of' theory is applicable to oxidized microcrystallinc 
films, particularly of the lead, thallium and cadmium sulphide 
types; and provides an explanation of the anomalously high 
values of apparent quantum eflicicncy which arc sometimes 
found in these materials. For single crystals and films of 
elements prepared under high vacuum conditions there is no 
evidence that barrier modulation phenomena arc important. 

Gibson postulates that in the oxidation process, surface 
states arc created which capture electrons from within the 
crystals, and thus set up space charge barriers of the Schottky 
type (Schottky, 1939 and 1941). Thus the contact between 
one microcrystal and another can be treated as two such 
barriers back to back. In the photoelectric process it is 
assumed that the number of electrons in the surface states is 


reduced, so that the barrier height is reduced, with consequent 
increase of conductivity. 

Consider a material with a density of donor impurities, 
and an area-density of surface states Wo, situated at a depth E 
below the conduction band. Let the height of the double 
Shottky barrier be 'Fhen the number of surface states 

emptied thermally will vary exponentially with their depth 
below the Fermi level i.e. ^n^ = Wocxp {(<^ - E)lkT} if we 
take the Fermi level as coincident with the bottom of the 


conduction band, as is approximately the case \vhen the 
impurity activation energy is very small. According to Bardeen 
(*947) 4 * — ('/i) A;/„)v*/2cd/, and the surface charge 


5 = (//, - Awo)c = (2f.\/^)i .... (34) 


On illumination a further surface states are emptied, and 
the suiface charge and barrier height both decrease with 
Ar =. cA/i and A?^ .vAv/ol/. 'Finis Ah = ,MA<f>les 

~ say. 1 hus the change in barrier height is proportional 
to the number of surface states emptied by llie illumination. 
Now if theie aic electrons/cm- flowing across the barrier 
pci second then jV will vary exponentiaily with the ban'ier 

leight as A* — A0 exp ( ~~<l>>kT). Thus the change in electron 
flow for a small change in is given by X\;^‘ ~ - In HkT. 
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In the darkj under equilibrium conditions, the recombination 
condition can now be written as vn^ exp ( — ElkT) = pN^n^ 
where p is the capture cross-section of a surface state and v is 
a frequency (see Mott and Gurney, 1948). When illumina¬ 
tion is applied which empties I electrons per unit area from 
the surface states (per second), then 

I-\-vn^tx^{-ElkT) =p{N + ^N,)[^na + ^n^) ....(35) 
Hence 




{-ElkT)^pHkT^ 


if is small compared with A«q. 



Now j is proportional to the photocurrent A/, the current 
flow being given by the difference in electron currents across the 
barrier, while A^j is the sum of the electron currents crossing 
the barrier in both directions. The two are therefore related 
by the expression 


eAjVi exp {eVjkT) + 1 

Ai exp (eVjkT) — 1 

where V is the voltage across the barrier*. Hence we see that 
at low levels of illumination the barrier theory shows that 1 is 
proportional to AjV^j and hence to the photocurrent; as found 
previously by the recombination theory in §6. i. 

The behaviour during the build up of the signal will be 
given by an equation similar to 35 

^ (An) exp ( - EjkT) - p{Pf + Aj\^)(Ano + ^n) 




EjkT) + pHkT 


An = t/{1 — exp ( — //t)} 

See Mott and Gurney (1948), or standard works on rectifier theory. 
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where the time constant 

_ HkT 

'' ~ pHMr + w" exp ( -^Efk'T) ' •' • ( 37 ) 

Hence we see that at / = oo = Awj — tI, which is the 
same relation as found already in equation 33. This same 
relation thus holds for a theory based on either number of 
current carriers, or on their mobility. 

Gibson (1951) has found that these relations for the photo¬ 
current and time constant given by equations 36 and 37 give 
better agreement with the measured properties of oxidized 
lead sulphide layers than the simpler recombination theory 
based on numbers of carriers. The theory is probably applicable 
to any oxidized microcrystallinc layers where the effect of 
intercrystallinc barriers determines the resistance of the layers. 
For photoconductivc layers which arc prepared under good 
vacuum conditions barrier effects should not be important. 
Also, as by definition, barrier modulation constitutes a 
secondary photocurrent, it should not be effective in good 
single crystals. 

6.4, WAVELENGTH DEPENDENCE 

It has been pointed out in §6.1 that the relative magnitudes 

of n and M determine whether a linear or (Power)* law will 

occur. Now Ti is the density of photoelcctrons, and hence may 

be expected to vary with the absorption constant for the 

material. For a given number of quanta incident on the 

photoconductor and a given quantum efficiency, n will be 

larger when all the photoelcctrons arc produced in a thin 
surface layer. 

Thus at wavelengths where the absorption constant is very 
large, a (Power)* law should occur, even at low intensities, 

marked when the photo¬ 
elcctrons aic not able to diffuse far from the thin surface layer 

in which they arc produced. Phis phenomena is probably 
icsponsiblc for the drop in photocurrent with decreasing wave¬ 
length which often occurs as the region of main lattice absorp¬ 
tion band is entered. 
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AVe might thus expect that using a moderate range of 
illuminating intensities, some materials would give linear 
response at long wavelengths where the absorption is low, but 
give a (Power)* relation in the short wavelength, high 
absorption region. Such behaviour is in fact encountered in 
selenium and phosphorus for example, the experimental data 
for which are discussed in the chapters devoted to the individual 
elements. 

Consider radiation falling on to an infinitely thick slab 
having an absorption constant K. The number of quanta 
absorbed per unit volume in a thin layer at depth z is 
where the total absorbed radiation per unit area is 

P A 

Q. = Jo Assuming unit quantum efficiency, the 

density of photoelectrons at the z level is n{z) where dn{z)jdt 
= — Bn{z)-{n{z) + -A/} = 0 at equilibrium. Hence 

Bn{z){n{z) + M} = Q^ATe-^" -(38) 


and the total number of photoelectrons at equilibrium per unit 
area is 



Thus for small values of K such that ^(IKIB<^M'^ we have 
A* = Q^jBM, and, as expected under these conditions of low 
absorption constant, the response will be linear, since the 
number of photoelectrons at equilibrium is proportional to 
the intensity of radiation. It will also be noted that the 
resulting value of is independent of the absorption constant. 
When K is large however, such that ^Q^KjB^AP then 

M = {(IIKB)^[ 2 .~ {BM-^idK)^ log (1 + {QKlBM^y^}] 

As M[Bj(lKy is small, the logarithmic term may be neglected, 
and 


N = 2{(llBKy 
45 
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'I’hus for these conditions a Signal cc (Power)Maw will result. 
Also we see that J\f cc A'-*, so that as K increases, the photo¬ 
conductivity will decrease, although both the number of 
quanta absorbed and the quantum efficiency remain constant. 
The transition from linear to square root response will occur 
in the neighbourhood of n{o) = M == {(IKIB)K Hence, for 
example, taking A/ = traps/cm 3 , quanta/cm^/sec 

{i.e. 2 mW at i(i) and B = lo"®, we find A'^io^cm-h 
Thus for this case, only viilues of A ■< lo^ would give a linear 
response, and as A rose above lo^cni"^ the measured spectral 
sensitivity would fall. 

Typical spectral sensitivity curves which might be observed 
for a material with the absorption spectrum of curve /I* in 
F{riure9 arc shown at B. Curve /, for very small incident energy, 
shows constant sensitivity out to the absorption edge; curve p, 
for medium incident energy, is flat for part of the range ol' 
wavelengths; while curve j, for high incident energy, has a 
sharp peak in the neighbourhood of the absorption edge. 
Fassbender (1949) has used this type of theory to explain the 
spectral sensitivity curves of cadmium sulphide. 

* 

6.5. EFFECT OF DIFFUSION 

'I'hc elfect of Iiigh absorption constant may be considerably 
modified by diffusion from the surface layers into the body of 
the material. Including the diffusion term, the general con¬ 
tinuity equation for electrons may then be witten 

1 

= 7 - %(»*) - Cliv / • • • . (41) 

vvlicrc / is the current density, and are the density of 

electrons and holes respectively. .Assume tJtat the holes diffuse 

to the same extent as the electrons. As the diffusion constants 

~ there will be little difference if the mobilities 

arc similar. Hence wc may put w, = = //. 

Assuming uniform conditions in the plane of the surface 
exposed to the radiation, we have div I = where the 

^ direction is perpendicular to the surface. Now I = -dDhnji>z. 

* A curve smncwli. 1 t simil.ir to this 1ms been given for PbTc by Gibson (i<)ja). 
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Hence 


bn 

bl 


= q — Bn- + 


Bb^n 


bz 


2 


.... (42) 


At equilibrium, bnjbt = o and q — Bn'^ + D{dhildz‘^) = o. 
If the absorption constant of the material is K then q = 
where Q^quanta per cm^ per sec is the incident radiation. Use 
of this expression for q makes the equation difficult to solve, 
and to obtain an approximate solution we will assume that all 



Wavelengih 



Figure 9. Theoretical 

the radiation is absorbed in a 
q may be taken as zero except 
Hence Dd^njbz^ = Bn^ giving 


spectral response curves 

very thin surface layer, so that 
near Z — o, where it is y = QK. 


n> = 


1 


HBl^Dr+l^BIdKy ....(43) 

i where eVW6Z)) - - = o a d,..aacc 

z'^ = QD{QBK)-'‘ ( h 

Taking i) = 80 cm%ec-i (equivalent to a mobilitv of 

fenrtoTo^-3 T (equiva- 

10-3 cm I radiation of 2|r wavelength absorbed in 

ayer) and .5 — 10 which is the order found for 

ger^muH., .hen e' = e Thu. for the case orgerZiu,” 

* D .s rcla.ed to the mobility 4 by the equation 4 = DelkT. 




THEORY OF PHOTO-RESPONSE 


where D has a very high value and B a very low value, the 
diffusion depth will be large even for high values of incident 
energy, and therefore it would be expected that little fall in 
the photocurrent would take place even if the radiation were 
absorbed in a layer as thin as io“^cm. This result is borne 
out by experiments which show little fall in photo-sensitivity 
for wavelengths down to the visible region where the absorption 
constant exceeds io®cm“h 

In the case of diamond however, where D 20 cm^ sec'^ 
and B is much larger, perhaps lO'® as estimated from the 
low response time of io“®sccs, then we have z’ ^ lo-^cm. 
Thus there will be little diffusion of the photoelcctrons into 
the bulk of the crystal, and consequently the photocurrent 
should fall markedly for wavelengths in the high absorption 
region. Such behaviour is in fact observed for diamond. 

Integrating equation 43 we have the total number of photo- 

electrons = J«ci^ giving = [(oDjB) \/{QKIB), treating 
the material as an infinitely thick slab of i cm^ area. With no 
diffusion considered, we have simply N' = {Q^KIB)dz 

™ N ^ — Q^IBK. For the data given above for 

gcimanium, the ratio NjN' exceeds 1,000, thus emphasizing 

the importance of diflusion cflccts when the optical absorption 
is very high. 

F.\ssbender (1949) has given a somewhat different theory 

for the case where the positive holes are immobile. As the 

distributions of electrons and holes throughout the material are 

no longci the same, an extra term must be introduced into the 

continuity equation to represent the field resulting from the 

net charge. The continuity equation for the photoelectrons 
then becomes: 


OAc-^0 ....(45) 


where the field F is siieli th;it d/-'/cU = (e/e)(Hj 
the (lieleetrie conslanl. For the holes, * 

Q,AV '■'= ^ Bn,u,, .. 0 


n,), f being 




EFFECT OF DIFFUSION 


Hence 


Dd% 




[nj^) = 0 or 



+ bnj^ = 0 


Now for distances > ijK, = o since the holes do not diffuse, 
and hence with this condition dFjdz = — (^/e)«,. Eliminating 
F and integrating we have 



where = I n^dz and a 

•'o 


{i+aFr,z)- 

= ebl2De. 



Since D = bkTje we have aii£io“’cm for a dielectric 
constant € = 20. At ^ = o equation 46 gives 

=-^ ....(48) 

Also, to maintain electrical neutrality jVo = [n^dZy and as the 

•'0 

holes will extend only to the same depth as the radiation i.e, 
~ ijK, we may say roughly = KFf^. With w,(o) = 
equation 48 becomes Ff^^aK = ^KjB or jVo = {(llaB)K Thus 

(aQ}IB^^ 

{1 + 

which shows that decays to i /4 of its value at the surface in 
a distance z! = This effective diffusion depth is thus 

independent of the absorption constant, so that however large 
K may be, the photoelectrons will always diffuse a distance z! 
into the material. With Q, = iqI® quanta/cm^/sec and 
B = io~^® for example, then z! = itA. For thick samples this 
diffusion depth would not greatly affect the spectral sensitivity 
curve, but for films only ~ i(x thick it would be sufficient to 
prevent a fall of sensitivity in the high absorption region. 


P.E. 
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PHOTOVOLTAIC EFFECTS 

In 1876 Adams and Day (1877) first discovered that a selenium 
rod was capable of generating a voltage when illuminated near 
cither of the electrodes. The effect is essentially a barrier 
phenomenon and has been found to occur for many types of 
barrier arrangement. Semiconductor materials with soldered 
electrodes, sputtered electrodes, pressure contacts (including 
‘cats’ whiskers’), insulating barrier layers and internal p~n 
junctions in single crystals, have all been found capable of 
generating a photovoltagc. As regards spectral distribution of 
sensitivity and response time the photovoltaic and photo- 
conductive effects arc essentially similar, both being governed 
by the same fundamental absorption and recombination 
processes. 

In general, the photovoltaic effect has not been the subject 
of such extensive research work as photoconductivity, although 
in view of the greater convenience of using a photovoltaic cell 
where no external battery is required, much technical develop¬ 
ment has been carried out, particularly on selenium and 
cuprous oxide cells. 

from the theoretical point of view the photovoltage can be 
calculated more c.xplicitly than the photoconductivity, since 
the voltage generated is largely independent of the geometry 
ol the specimen and also independent of the mobility of the 
carriers. The simplest example to consider is that of a single 
crystal witli an internal junction, as the difficult questions 
of the precise nature of the surface barrier and the role of 
surface states do not then arise. 


7 . 1 . PHOTOVOLTAIC THEORY FOR J UNCTION 

Considci a sample of an amphoteric semiconductor which is 
an excess conductor («-typc) at one end and defect conductor 
(/j-type) at the other, there being a sharp transition between 
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PHOTOVOLTAIC THEORY FOR p-H JUNCTION 

the two regions. The energy level diagram will be represented 
by Figure /oa. 

In equilibrium there will be a potential across the junction 
such that no net current flow will take place. This condition 
will normally occur with the Fermi level lying between the top 
of the full band and the acceptor levels on the left of the 
junction, and between the donor levels and bottom of the 
conduction band on the right of the junction. The Fermi level, 
must of course be the same for both p and n regions, when the 
system is in equilibrium. Statistical theory gives the position of 
the Fermi level in the n-iype material as ip„=E^-kT\og (Tin,), 
and in the/>-type material as ^2-^ kTlog where 

and n,, are the concentrations of electrons and holes respec¬ 
tively, and 2 is given by equation 2. Assuming the centres to 
be fully ionized so that n^= J\fj and A],, we have on 
equating ./r„ and 

E^' = E^~ E - E,- kTlog (rVA'A) 

= £1- ^1= E - kTlog {Y^IKN,) 

For the simple case when the material is equally impure on 
each side of the junction, so that N„= N, the above 
expression reduces to 

^^E-2 kT\og[riN) ....(49) 

Thus for normal impurity concentrations, ^ differs from E by 
only a few tenths of a volt. 

Conventional rectifier theory (see for example Henisch, 

1949, or Torrey and Whitmer, 1948) shows that the current 
across such a p—n junction will be given by 

/ = {1- (1 - e-^/^A - - • • (50) 

when a potential V is applied across the junction, A and A 
representing the electron and hole contributions to the current 
flow. If the junction is now uniformly illuminated, so that Q, 
photoelectrons and holes are produced per cm^ per sec, then 
the concentrations of electrons and holes will change in the 
manner represented by the recombination equations of § 6,1. 

For the model of Figure loz. the general recombination 
equations will be similar to equations 31 and 32; ^ =Bn^(n^^M) 

and Q^-l- A ~ Bn{n + M). Therefore Anjn ~ Q^IBn{2n + AI). 
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1‘HOTOVOLTAIG EFFECTS 


'I hus for holes, the photosensitivity, defined as S,, = is 

Bn,{N}T2n„) 

as the density of trapping centres for holes is M = N^. Simi¬ 
larly for electrons S, AnJQ^n^ = + 2n,), Thus for 

the /j-type material on the left of the junction, where = o, 
^'{P)h— assuming the impurity centres to 

be fully ionized. Also S{p)^= ijBn^N^ as N„. Now the 
densities of holes and electrons in a given sample of semi¬ 
conductor bear a simple reciprocal relation to each other such 
that where w, is the density intrijisic carriers for the 

material. (See, for example, Shockley, 1950.) 


/ Contfuefion band 



/ 

III, 

1 

Conduction band 

Mefa! 

/y 

V 



tut! band 


a) p-n Junction 


Mefo!-Semiconductor contact 

Vigure 10 


Hence giving 5 (/»),= i/5w,2. Now N„ is nor¬ 
mally much greater than so that n,.2 j^^d hence 

^(P)e^ ^{p)h' Conversely wc find for the //-type material that 

These results may be summarized by stating 
that variation in the density of minority carriers is the most 
important factor in the operation of/>—//Junctions. 

Ignoring therefore the changes in the majority carrier 
densities, the current relation for the junction (equation 50) 
will be modified by the irradiation to give 

Ihus, when Ij = o, the photovoltagc 

1 ; = - lofr ( 1 + SQJ) 


••••(52) 







l>T10T0V0I/rAIC THEORY EOR p-il JHNCriON 

where S = 4 )- recombination 

coefficients are the same for holes, and electrons, then 
^[P)t= Also Bn-^= A, the rate of thermal 

generation of electrons and holes as by definition Af = o 
when n = Thus S = ijA and the photovoltage 

log (l + I) ....(53) 


For small intensities of illumination the relation reduces to 

V.= ^ i.e. the response becomes linear. 

e A 

A result similar to that of equation 53 has been obtained by 
Fan (1949) who finds 

« \ n[p)J 

the term in brackets being the relative increase of electron 
concentration in the p region i.e. the relative increase of the 
minority carrier concentration. Fan’s relation may thus be 

kT 

expressed as — log (1 + QS{p),) which is similar to 
equation 52. 
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PHOTOVOLTAIC LFFKCTS 

Ihcse results for the photovoltage arc independent of the 
shape of the specimen, provided only that the area is large 
compared with the actual aiea of the transition region, and 
the transition region is thin i.e. thin compared with the 
diffusion length. For some /injunctions, measurement of the 
photo-response shows this length to be as much as | mm 
(Goucher et alii^ 1951). 

Becker and Fan (1950) have carried out measurements of 
the photovoltage in a germanium p-n junction. They found the 
voltage to be proportional to the illuminating intensity (at low 
levels) over a range of 100 : i in intensity, whilst for stronger 
illumination the voltage increased less rapidly than the 
intensity. Plotting their results as the measured voltage against 
a theoretical voltage calculated from Vp= Fylog (i + Q,5) 

(using S = 3'5 x 10 ^ and 660) the graph of Figure 11 
is obtained. It will be seen that the results lie well on a 45® 
line, showing that the experimental and theoretical voltages 
aie equal over the whole range of nearly a million to one in 
intensity of illumination. 

Excess-defect semiconductor contacts have also been reported 

by SosNowsKi (1947), and their properties have been treated 
in detail by Shockley (1949). 

7.2. METAL —SEMICONDUCTOR JUNCTION 

A icctifying contact between a metal and a semiconductor 

may exhibit photovoltaic effects in much the same way as a 
/w; junction. 

The Scliottky barrier (Schoti ky, 1939) formed at the junc¬ 
tion ot a metal and an «-type semiconductor may be represented 
by Figure wh. According to Bardeen (1947), capture of 
c ectrons in surface states gives the surface of the semiconductor 
a net negative charge, a corresponding equal and opposite 
charge appearing in the body of the material. 

Assuming the physical gap between the semiconductor and 

metal to be thin enough to allow electron penetration by the 

ciuantum-mcchanical tunnel clfect, the current across the 

junction will again be given by an expression similar to 
equation 50, namely 


54 



SPECTRAL DISTRIBUTION OF THE PHOTOVOLTAIC EFFECT 

/ =- C-'..••( 54 ) 
where V is the applied voltage. Following the same arguments 
as for thejunction we obtain I^ 

corresponding to equation 52. Thus again for very small light 
intensities cc whilst when ^ i, ^ Q; Lange 
(1938) has shown that such a logarithmic relation is well 
obeyed for seknium barrier cells over a range of more than 
10,000 : I in illuminating intensity. It is also observed from 
other curves given by Lange that the transition from the 
linear law to the exponential law occurs in the neighbourhood 
of Fp = 3omV (ie. S'Q^= 2-5) as would be expected from the 
theoretical formula. 

From equation 49, the saturation photovoltagc will occur 
when the illumination is so strong that the barrier vanishes 
i.e. A convenient alternative expression for the 

barrier height is <t> = akTlog (A'/«,) where w, is the concen¬ 
tration of intrhisic conduction electrodes. Thus at room 
temperature, for a concentration of impurity electrons 10^ 
times intrinsic for example, the theory gives 
and for 10® times intrinsic, 0-7 V. In practice, values 

of saturation photovoltages as great as 0*5 V arc often found for 
selenium barrier layer cells. 

7.3. SPECTRAL DISTRIBUTION OF THE 
PHOTOVOLTAIC EFFECT 

Few measurements have been made on both photovoltaic 
and photoconductivc effects in elements under comparable 
conditions. As the two phenomena depend on the same 
fundamental absorption process, the two spectral response 
curves must be similar. The two main causes of difference 
are: 

i Geometry of specimen—photovoltaic measurements are 
normally carried out on bulk specimens, whereas thin layers 
are generally used for photoconductivity measurements. 

a The extremely high electric fields (~ 10^ V/cm) occurring 
at Schottky type barriers may substantially modify the 

* A law of similar form has been derived by Frenkel and Joff£ (1932) for a 
metal-semiconductor contact. 
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PHOTOVOLTAIC EFFECTS 


iTcoinbinalion ]>n)babilitics. For wavelengths where the 
absorption constant is very higli, with consequent high rccom- 
Ijination probabilities (as discussed in § 6.3) lor the photo- 
conductive case, the high fields will separate the electron hole 
pairs formed in the photo-process and thus lessen the recom¬ 
bination rate. We would thus expect less fall in sensitivity at 
short wavelengths for the photovoltagc than for the photo¬ 
conductivity. 

For lead tclluridc, measurements on the spectral response 
of the photovoltaic effect have been given by Gibson (1952) 
who finds the threshold wavelength for five ‘ cats’-whisker ’ 
type photocells to be in the range Aj = 4-8 — 5-3fx. For photo- 
conductive cells (at the same temperature of qo^K), the 
author (Moss, 1949b) has found values in the range 

= 4’9 — 5*4 1^- It is also worthy of note that the spectral 
shift with temperature of the threshold wavelength found by 
Gibson of dEfdl =3-1-1 x io“‘*eV/°G agrees with the 
value Ibund by the author for photoconductivc layers within 
the accuracy of the experiments. 

Values obtained for threshold wavelengths for photo- 

conducti\ c and photovoltaic effects in selenium and germanium 

will be compared in the chapters devoted to the individual 
elements. 
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TEMPERATURE DEPENDENCE OF 
SPECTRAL RESPONSE AND ACTIVATION 

ENERGY 

It has been found experimentally that photoconductors show 
a certain spectral shift with temperature. The effect varies 
considerably in magnitude, and even in sign—the general 
tendency being for the threshold wavelength to decrease on 
cooling. The only materials so far known where the threshold 
wavelength increases on cooling are the PbS, PbSe, PbTc 
series (Moss, 1949b), CdgAsa (Moss, 1950) and the element 
tellurium. The order of magnitude of the shift is io“‘ to 

10-3 cV/°C. 

This temperature change of the threshold wavelength clearly 
implies a change in the optical activation energy, and hence, 
for intrinsic photoconductors, a change in the energy gap 
between the bottom of the conduction band and the top of the 
full band. Such a variation in the energy gap can be attributed 
to two separate effects: 

a variation of the bandwidths; 

b relative movement of the energy bands. 

Increasing temperature will always broaden the energy 
bands as a result of increasing lattice vibrations, so that the 
first effect gives d£'/d 7 ' negative. The second effect will arise 
primarily from variation in lattice constant, and (assuming 
that the lattice always expands on heating) will give dEjdT 
negative for a material such as diamond where Figure / shows 
the energy gap to decrease with increasing lattice constant. 
Alternatively, dEjdT will be positive if the energy bands 
approach each other as the lattice contracts i.e. the levels do 
not cross over as in Figure i. The problem of the broadening 
of energy levels by lattice vibrations has been treated by 
Moglicii et alii (1940), Radkowsky (1948) and Cheesman 
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TEMPERATURE DEPENDENCE OF SPECTRAL RESPONSE 


(1952). Although Radkowsky's calculated shifts are in reason¬ 
able agreement with experiment for polar crystals, they are 
far too small for the case of the monatomic crystals with which 
we arc concerned at present. 

A more recent treatment has been given by Fan (1951), the 
results obtained being in fair agreement with the experimental 
values for silicon and germanium. The formula given by Fan 
lor the energy shift is 


bE 

bT 


- 4n^ (:i28a,2/:3;2437.')i/3 


••••(55) 

where w is the volume of the unit cell, M is the mass of an atom, 

u is the velocity of sound in the crystal, and the constants C, 

and C\ arc related to the mobilities of electrons and holes 
icspcctivcly, 

'i’hc magnitude of the second cficct, namely the relative 
movement of the energy bands with lattice dilatation has been 
estimated by Bardeen and Shockley (1950). These workers 
considered the interaction of electrons and holes with 
dcfoimation potentials* produced by the periodic dilatation 
of the lattice weaves, thus relating the mobility of electrons and 
holes to the shifts of the conduction and filled bands (respcc- 
ti\cly). J he icsult obtained may be conveniently expressed in 
tei ms of the same constants C, and Q as in equation 55: 




....(56) 


where p is the cocfiicicnt of linear expansion, and the relation 
between C and the mobility is given by 

3(>/rhU//2(5l2cu2/:37-3,,, 

The signs to be taken in equation 56 depend on whether 

t 1C energy lc\cls lisc or fall on dilatation. For diamond, silicon 

and germanium, Shockley and Bardeen conclude that both 

negative values should be taken, whilst for tellurium both 
positive values should be used. 

For both formulae 55 and 56 it will be seen that the shift 
mcicases with the magnitude of C, and Q, and hence decreases 
with increasing mobility. Thus germanium, which has a veiy 




EXPKRIMENTAL METHODS 

high mobility, would be expected to show only slight tem¬ 
perature dependence of the activation energy. This expectation 
is confirmed by experiment, the shift for germanium being less 
than for any of the other elements which have so far been 
measured. 

The experimental temperature dependence of the activation 
energy will be given by the sum of the values from equations 
55 56, and it is not possible to separate the two contribu¬ 

tions from temperature measurements alone. However, as 
the second term is determined only by dilatation, it may be 
evaluated by measurements of E at different pressures. W'e then 
have (c)£/t)T')2= 3^T(A£’/AF) since AF/F is the dilatation. 

8.1. EXPERIMENTAL METHODS 

There exist now a variety of experimental ways of obtaining 
information about the change in activation energy with 
temperature, or with dilatation alone. For most materials only 
one of these methods has been used, but for germanium, for 
example, several have been tried. 

i This is the original method, namely the shift of the spectral 
sensitivity curve of the photoconductive or photovoltaic 
response with temperature. The analogous method of 
shift with pressure has not been reported. 

a Shift of the long wavelength absorption edge with 

temperature. 

in Shift of absorption edge with pressure. 

iv Temperature variation of the thermal activation energy 
deduced from precise conductivity and Hall effect 
measurements in the range of intrinsic conductivity. For 
the intrinsic range of conductivity of a semiconductor, 
theory gives the concentration of carriers as 

2 ( 2 TrmA77^ 2 )^exp (— Ej^kT) .... (i) 

if the effective masses are taken as equal to the free 
electron mass. 

Careful measurements on silicon and germanium show 
that Is exponential function of reciprocal 

temperature as the equation requires, but that the 
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numerical factor obtained dill'crs significantly from the 
value of 2 { 27 Tmklh^)^^^. The discrepancy is attributed to 
the temperature variation of the energy gap i.e. if 
E = Eq~- yT then the right-hand side of equation i is 
multiplied by the factor exp (— yj2k). This factor, and 
hence y, may be found from the observed discrepancy. 

V Pressure dependence of the conductivity of a junction. 

Equation 50 shows that the current across ajunction 
is / cc exp (—— exp (—cF//:?')} so that for a 
given applied voltage / oc exp (— ^^jkT). Now, from 

equation 49 (f> = E — 2kT\og J'/JV, so that in junctions 
with fairly high impurity concentrations ^ E, Hence 
/ cc exp (— EjkT) and the pressure dependence of/gives 
the pressure dependence of Using the same equation, 
the temperature dependence of E should be given by the 
temperature dependence of the resistance of the junction 
at very small applied voltages, since we then have 

/ oc Fexp (—However this method does not 
seem to have been used to date. 

vi Pressure dependence of the activation energy may be 

obtained directly by measuring the conductivity/tem- 

perature at various pressures, in the range of intrinsic 
conductivity. 

The comparison of the experimental values obtained 

by these various methods and the theoretical values will 

be given in the chapters devoted to the individual 
elements. 
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CORRELATION BETWEEN THRESHOLD 
WAVELENGTH AND REFRACTIVE INDEX 

The general theory of photoconductivity in F centres in 
alkali halides, shows that absorption of the optical quantum 
first raises an electron into an excited state without freeing it 
from the centre. The electron is then transferred to the 
conduction band by thermal energy from the lattice (Mott 
and Gurney, 1948). Heller and Marcus (1951) discuss tlic 
mobility of these ‘ excitons and consider them a necessary 
intermediate stage in the photoelectric process. It has often 
been suggested that even in so-called pure materials, the photo¬ 
effect takes place only at preferred points in the lattice, such 
as vacant lattice sites, interstitial ions, or at atoms on the 
surface or in cracks i,e. at any discontinuity in the lattice 
(Smekal, 1929; ZwiCKY, 1929; Gudden and Pohl, 1926). Any 
of these imperfections will create potential holes in the lattice 
capable of trapping electrons. 

An electron trapped at such a potential hole will be some¬ 
what similar to an electron in an isolated atom, except that it 
is immersed in a medium of dielectric constant equal to that 
of the bulk material. Thus all the energy levels of the electron 
will be scaled down by a factor where fcii 

‘ effective ’ dielectric constant, which will approximate to the 

square of the refractive index (Mott, 1949)* 

Hence the optical energy required to raise an electron at 
one of these irregularities into an excited state should be pro 
portional to If therefore, the photoelectrons originate at 

such irregularities, we should expect that the threshold 
length of the photoconductive effect, which is determined 9y 
the minimum energy required to raise an electron into an 
excited state, would vary as the fourth power of the refractive 
index. 
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Tabu / 


Material 

tl 


1 

References 





Refractive Index 

Wavelength 

PbO 

/ 

' 2-53, 2-66 
m 

r \ 

0-53 

85 

Landolt'Bornstein 

i SIGESO, 1945 

HgS { 

1 2 o8, 2 32 

063 

/ 84J 

Landolt'Bornstein 

1 

\ Gudden and Pohl^ 


■ 2'76, 3-06 

1 

X > 13' 

. Int. Critical TabUs 

\ 1920 

HgO 

2-37, 2-5, 2-65 

0-55 

1 71 

Landolt’Bornstein 

Dechene, 1939 

PbCrO, 

( 2-5 

0-55 

i 7- 

Aa/»/), 1935 

' 1935 

CujO 

2*56 

063 

68 

1 

Landoll-Bornitein 

Faltz, 1937 

Ag2-S 

3-2 apfnox 

>*35 

78 

j See note (r) 

1 

i Coblenlz and Kahler, 

1 9 






1922 

Sb,S3 

2-9 approx 

0-8 

08 

Billings and Hyman, 

1 

1 

' CobUntZt >920 

1 

1 





>947 

M0S2 / 

5 - 57 . 2-33 

20 

/ 84/ 

Bailly, 1938 

Coblattz and Kahler, 

V 

, 3 3 


^ 59 1 

Coblenlg and Kahler, 

>919 





>919 

QiS 

2-43. 2-46 

' 0-54 

66 

LandoU’Bornstein 

1 

Gulden and Pohl, 





1 

1920 

PbS 

3-9 

2*8 

» 

1 

83 

Handbk, Chem. 

1 

Moss, 1947 

PbSc 

4 - 6 * 1 

1 

1 

50 ! 

08 

Phys., 1948 


1 

Gibson, Lawson and 

TI2S 

2-9 approx ' 

1*0 

71 

See note (^) 

Moss, 1951 
Hughes and Du- 

PbTc 

5*0 

> 

3-8 ! 

170 

£ 

Bridge, 1932 

TIBr 

2'33 

Avey, 1931 

Moss, 1949b 


0-41 

72 , 

Hnjendahl, 193O 

Coblentz (W/rf Eck- 

Ugfa 

Tir 

2-58, 2-36 

2-55 

\ 

1 

«-55 

67 

1 

Ini. Critical Tables \ 

ford, 1923 

Volmer, 1917 
Coblentz and Eck- 

0*46 

92 

Gudden and Pohl, 

ZnS 

2-34 

f 

0 

CO 

79 

1928 

I^idolt-Bornstcin 

ford, 1923 

Gudden and Pohl, 

I’bMoO^ 

1 

1 

2 * 4 , 2*3 

1 

0-46 

1 

66 

Landolt-Bornstein 

1920 

SIGESO, 1945 


1 

4 

t 

1 

.It-. 77 t 




j’rivatc communlcnlion from D. G. \vrrv 
iIk* valur of '’*<■ cfTeclivc mass taken as the free electron 


mass. 




EXPERIMENTAL DATA ON COMPOUNDS 


9.1. EXPERIMENTAL DATA ON COMPOUNDS 

We will first survey the available data on photoconductive 
compounds. Table i contains all such materials with liigh 
refractive indices [i.e. greater than 2*3) for which both spectral 
sensitivity and refractive index data are available, with the 
exception of a few complex mixed crystals. According to 
Gudden (1928) and to Kurrelmeyer (1927) the refractive 
index must be greater than 2 for photoconductivity to occur 
without artificially produced impurity centres. 

It will be seen that for the materials listed in Table I the 
values of n^j\ are surprisingly consistent. With the exception 
of PbTe they all lie in the neighbourhood of 77 throughout a 
range of variation of of 30 to 440. Lead telluride is anoma¬ 
lous in that its threshold wavelenstth is less than for lead 

O 

selenide. It may be noted that Gibson (1952) has found that 
the long wavelength absorption edge in PbTe is at a shorter 
wavelength than in PbSe, although the wavelength of maximum 
absorption increases progressively for the series PbS, PbSe, 
PbTe (Gibson, 1950). 

The fact that the values are so similar for such a wide range 
of compounds indicates that the photoelectrons are originating 
from the same type of lattice imperfection in all cases, or 
alternatively, that the binding energies of the different types 
of centre are similar. Several different types of centre which 
would all give rise to hydrogen-like conditions can be visualized: 

Notes to Table I 

(a) It would be preferable to quote the refractive index in the region of the 
spectrum where the material is non-absorbing. However, few of the materials 
quoted have been measured over a large range of wavelengths, and so for con¬ 
sistency the index has been quoted for red light (o’65 to o'75{jl) whenever possible. 
For non-isotrophic media, the geometric mean has been used to calculate ri*JXc. 
(A) In order to be applicable to the various types of spectrum sensitivity curves 
which have been reported, the characteristic wavelength is taken as the point 
where the sensitivity finally begins to decrease rapidly. When the spectral curve 
is sharply peaked this wavelength is taken as the wavelength of maximum 
sensitivity. For materials where the sensitivity is roughly constant over a range 
of wavelengths, PbS for example, it is the point where the exponential drop 
begins on the long wavelength side, (c) Schonwald (1932), has reported that for 
CugO there is an additional band at longer wavelengtl^. It is of relatively low 
sensitivity and has not been included in the data of Table /. (d) It should be 
remarked that most of the measurements have been carried out on natural 
crystals, and both n and X< often vary from specimen to specimen, or as reported 
by different observers. (^) Estimated from reflectivity and data on mixed crystals 
with AsjSg. 
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1 An F centre i.e. a missing negative ion replaced by an 
electron. 

2 The analogous centre consisting of a missing positive ion 
with a bound ‘ positive hole * {i.e. an electron missing from 
one of the adjacent negative ions) is also possible according 
to Mott and Gurney (1948). 

A substituted foreign atom which has one valency electron 
more than the number required to satisfy the valence 
bonds in the lattice. 

4 Similarly an atom with one iess valence electron than the 
lattice atoms. 


Pearson and Bardeen (1949) have calculated the excitation 
energies of boron impurities in silicon, assuming the energies 
to be scaled down by a factor e2, from the Bohr formula for 
the ionization energy of the hydrogen atom. The energy 
therefore is L = 2j. Putting m*=m, the free 
electron mass, gives for holes, 0-09 cV as € = 12. Experi¬ 
mentally the value for the impurity activation energy was 
found by Pearson and Bardeen to be o-o8 eV, so the two 
values arc in agreement. For electrons the cflectivc mass must 
be lower, as the mobility of electrons exceeds that of holes, 
and hence the theoretical value of the energy will be lower! 
With 2/3 as indicated by the relative mobilities, 

0*054 eV. Baltensperger (1951) has computed the 
wave functions for a phosphorus atom in silicon, and obtains 
a somewhat greater activation energy, namely 0*065 eV. The 
experimental value found by Pearson and Bardeen is approxi¬ 
mately 0-06 cV. Also from the simple hydrogen-like treatment 
the radius of tlie orbit should be e x the Bohr radius for 

i>diogen i.e. 12 x 0*53 = 6*4 A, which agrees well with 
Baltensperger's value of 7 A. 

Simpson (1949) has used a wave mechanical treatment for 
centres in ionic crystals (where € and are not equal), and 
obtams e„crgi« fr <x ( , / . + ^ • 2 / c „) (./e„+i5/.) f.,. 

^ (* *1" to an accuracy of a few per cent, 

similar results have been obtained by Kubo (1948). Thus 

again the energies arc found to be approximately inversely 
proportional to 



TEMPERATURE VARIATION OF THRESHOLD WAVELENGTH 

Further evidence for the dependence of activation ener^ on 
refractive index is furnished by measurements of Busch et alii 
(1948) on barium titanate. In the neighbourhood of the 
Curie point (i20°C) the refractive index of barium titanate 
shows a significant increase, while measurements of the 
resistance-temperature relation show that the activation energy 
undergoes a corresponding decrease in the same temperature 
region. 

It is concluded therefore, that for the more refractive 
photoconductive compounds, there is some theoretical basis and 
experimental evidence for an approximate relation between 
the ‘ threshold ’ wavelength and refractive index, namely 
= 77 * This theory has been used to indicate what 
compounds, as yet untried, should give photoconductivity at 
longer wavelengths in the infra-red (Moss, 1950). 


9.2. TEMPERATURE VARIATION OF THE 
THRESHOLD WAVELENGTH 


Since the threshold wavelength depends on the refractive index 
of the material, it is reasonable to suggest that the shift of the 
threshold to longer wavelengths on cooling, as observed for 
PbS, PbTe etc corresponds to a temperature variation of the 
refractive index. Unfortunately there seem to be no published 
data on the temperature variation of the refractive index for 
highly refractive materials. However, a rough estimate may 
be made theoretically. The Lorentz-Lorenz formula for the 
optical dielectric constant is; 

(€-1)/(6-|-2) =CNa •.•••(58) 

where jV is the number of molecules/vol, a the polarizability 
of the ions, and C is a constant. Differentiating, 




1 dN 


N dr 


and putting 


1 djV* 


ZNdT 


1 dF 
ZVdT 




—the linear expansion coefficient, we have 

- (€ 2 + e - 3 )i 3 = - ....(59) 

dr 

with an error of not more than 6 per cent for € > 2*6. 
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This relation shows that there will be an increase in e and 
hence in A with decreasing temperature. Up to the time of 
writing the only materials measured which give an increase 
of threshold wavelength on cooling are the PbS, PbSe, PbTe 
series, whereas for other materials on which data are available 
i . e , SbgSg (CoBLENTZ, 1920) and ZnS (Moglich and Rompe, 
1942) there is a slight decrease of wavelength on cooling. 

That any increase on cooling would be expected to be small 
for these latter materials follows from the fact that a large 
value of de/d 7 “ necessitates both high refractive index and 
high expansion coefficient. These conditions are fulfilled 
for PbS, for which e = (3*9)^ and jS = 20 X I0“® giving 
de/d 7 '== — 46 X lO"**. For SbgSg however, although the 
refractive index is high, namely 2-9, p is only 1-5 x io“®, so 
that d€/d 7 '= it x io""*. For ZnS, the variation of the 
photoconductivc threshold with temperature has not been 
measured. However, it would be expected to behave similarly 
to CdS which shows a slight decrease of A, on cooling. Also 
the long-wave edge of the absorption band for ZnS decreases 
slightly in wavelength (from o-335(x to 0-325^) in a manner 
similar to that observed in CdS (Moglich and Rompe, 1942). 
For ZnS, n=2'2^ and j6=6‘7 x iO“®, giving de/d7"=2’3 X lO”^. 

It is thus clear that while the effect of changing dielectric 

constant may be predominant in determining the temperature 

variation of the threshold wavelength for PbS, it will contribute 

little in the cases of Sb2S3 and ZnS. The fact that there is a 

small change in the opposite direction for these latter materials 

is presumably due to a secondary process operating in the 

reverse direction, which becomes predominant when the 

dielectric change is sufficiently small. Such a process is the 

broadening of the electron energy levels due to interaction 

with the thermally vibrating lattice, as discussed in the 
previous chapter. 

The magnitude of the wavelength change expected may be 
evaluated for PbS. For the temperature interval 290° to 90°K, 
.p"" Therefore A,„/Aj„= (i + = i-ig. 

1 his corresponds to a change from 3-011 to 3-4(1. Although 
this is somewhat smaller than the observed values, it is of the 
right order, and shows that the theory predicts for PbS a large 
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increase of wavelength on cooling in contrast to the small 
changes of wavelength which are observed when the shift is 
in the opposite direction. For comparison with this figure, 
the limiting values for the shift for PbS observed by the author 
are: minimum 2*8 (j, to 3*4p; maximum 2*9fj, to 3*8[x. 

The Lorentz-Lorenz formula for the dielectric constant is 
only an approximation, particularly for highly refractive 
materials, and a better check on the theory may be made by 
comparing the results for PbS and PbTe, so that any deficiencies 
in the above formula tend to be the same for both materials. 

If E is the quantum energy corresponding to the threshold 
wavelength Aj, then we have = constant. With equation 
59 this gives 


dE 

df 


E constant 



Values of this expression for PbS, PbSe and PbTe are given 
in Table II which shows the agreement to be satisfactory. 


Table II 



Aj at 290°K 

Shift i 

90°K—29o°K : 

/ 5 x io-« 

dE , 

PbS .. 

1 

1 2*8—2‘9[A 1 

; 0*6—0'9fx 

20 

30-38 

PbSe .. 

5 'OtA 

2'I|^ 

20 

36 

PbTe .. 

1 


i* 5 [^ 

27 t 

33 


• Moss (1948)—extrapolated to room temperature, 
t Value measured by the author. 


Measurements have also been carried out by the author on 
cadmium arsenide (see Moss, 1950), for which the value of 
(d£/d 7 ”)£~^^~i is found to be 36, in good agreement with the 
above results for PbS and PbTe. It therefore appears that for 
materials which are photoconductive at long wavelengths, and 
for which the threshold wavelength increases on cooling, the 
shift can be largely explained by a temperature change of the 
refractive index. 
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9.3. application to intrinsic photoconductivity 

IN THE ELEMENTS 

In so far as photo-cxcitation of impurity centres is concerned, 

the above theory should apply to elements equally as well as 

to compounds, and this view is supported by the data already 

given (in §9.2) for silicon, which show that the thermal 

activation energy of impurity centres is given quantitatively 

by the theory. However, few systematic measurements have 

) et been made on photoconductivity in impurity bands in the 

elements, and the primary interest lies in intrinsic photo¬ 
conductivity. 

No precise theory can yet be given to show that the intrinsic 
optical activation energy should be related to the refractive 
index, yet the data presented in the later sections show that 
there exists a general correlation between the threshold wave¬ 
length and the refractive index. Furthermore it would appear 
that for elements of the same crystal structure, the dependence 
on rclractivc index is similar to that found for compounds. 

Some insight into this dependence of optical activation 

. I „ may be obtained from study of the 

•simple formula for refractive index obtained in § 3.3. Equation 

17 gives £ — I = Ne-jmTTv^^ where 1^0 is the frequency of the 
absorption maximum. Hence /ir,= f//« (where C/is a constant) 
It £ IS large. Thus the wavelength of the absorption maximum 
should increase with refractive index, though only linearly. 
However, the threshold wavelength and wavelength of 
maximum absorption did'er greatly. For germanium, for 
example, the absorption maximum lies near hvQ= qcV 
whereas the optical activation energy is only o-y^eV If we 
assume a constant bandwidth (2/?) for the absorption curve 
such that the energy at the threshold wavelength 

h'’T= /i>'o - D = Ujn - B .... (61) 

then since B is comparable in magnitude to [//«, a small change 
m n will produce a large variation in hvr- It will be shovvn 
m the later chapters that equation 61 is in reasonable agree¬ 
ment with the experimental data for the most highly refractive 
r ements, and that U and B arc then such that hvr varies 
inughly as the inverse fourth power of the refractive index. 
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EMISSION EFFECTS IN 
SEMICONDUCTORS 


10 .I. PHOTO-EMISSIVE MEASUREMENTS 

Recent work on the external photo-effect has shown that 
considerable information about the energy levels of semi¬ 
conductors can be obtained by this means. In particular it is 
possible to estimate the energy gap between the Fermi level 
and the top of the filled band. Hence if the sample measured 
is in the range of intrinsic conductivity, so that the Fermi level 
is midway between the full and conduction bands, then a 
value for the band separation, or activation energy, is obtained. 

In the experiments, light of a single frequency is allowed 
to fall on the surface to be studied. The quanta of energy hv 
are given up to electrons of various initial energies, and in 
consequence some of the electrons will be able to escape from 
the cathode. These emitted electrons will cover a range of 
energies, the distribution of which may be determined by 
measuring the photocurrent as the collector is biased pro¬ 
gressively more negative, until the current finally ceases. The 
‘ stopping potential ’ at which the current just ceases is found 
to be the same for all metallic cathodes, but is different for 
semiconductors. The reasons for this can be seen from con¬ 
sideration of the energy level diagrams for metals and semi¬ 
conductors. 

Figure 12 shows the distribution of energy states N{E) for 
two typical metals of different work functions and an intrinsic 
semiconductor. In the case of the metals the occupied states 
(shown shaded) extend to energies as high as that of the Fermi 
level where they terminate more or less abruptly. Actually, 
of course, at any temperature above absolute zero some 
electrons have energies above the Fermi level, but since the 
effect only extends over an energy range of the order of kT, 
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It can be neglected at room temperature. The work functions 

<!>„ and represent the energy required to remove an electron 

with an energy equal to that of the Fermi level from the metal 
into the vacuum. 

The curves arc drawn with the Fermi level coincident for 

all three materials because this is the equilibrium condition for 

the materials if they are placed in electrical contact with each 

other. The equilibrium can, of course, be established by 

electron dow m vacuum, without the materials being in actual 
physical contact. 


ri' 

I n 



— m) 

a) Mefa! 



Fermi 

level, 


Pigute 12* Piislrihution of ener^' slates 


Consider the case when metal a is the anode and metal b 
ic cat 10 c m a photocell. If a quantum hv is absorbed by 
an electron \yhich originally had energy E, then this electron 
will just be able to leave the metal if/i„ + £ = u + ^. Such 

an electron may not be collected by the anode however, because 

of he dilfcrence m work functions 4* - <f>, between anode and 

cathode. If an accelerating voltage V is applied between 

anode and cathode which is just sufficient to collect the 
electron then we have the condition 

~ y-~ ^~ hv _( 62 ) 

Thus the minimum voltage for collection will occur for 


or 
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photoelectrons which originate at the Fermi level and will be 
given by 

— ^a) -(63) 

The photocurrent will thus fall to zero for an applied voltage 
of Fq, which is therefore called the ‘ stopping potential It 
should be noted that equation 63 does not involve the work 
function of the emitter, so that is the same for all metallic 
emitters. All photoelectrons liberated from the cathode will be 
collected (giving saturation photocurrent) when the applied 
voltage eV,=<t>,~ 

For the semiconductor any photocurrent from the excitation 
of the few electrons in the conduction band can be ignored, 
and the photoelectrons considered to originate in the full band, 
the top of which is shown in Figure 12 as A below the Fermi 
level. For the semiconductor therefore, the stopping potential 
Vq will occur for electrons originating at the top of the full 
band where E ~ — A^ so that 

— {hv — ~ A) = eV^ A - (64) 

The voltage for saturation photocurrent is again given by the 
contact potential difference, or F/ = 

The experiment thus consists essentially of determining the 
stopping potential with first a metallic emitter and then the 
semiconducting emitter. In practice Apker and his co-workers 
(1948) used a phototube of spherical symmetry, so that photo¬ 
electrons emitted in any direction would be subject to the 
same field. Several interchangeable emitters were mounted in 
the phototube together, being moved into position as required 
by tilting the (sealed-off) phototube. In order to determine 
the stopping potential precisely it is necessary to extrapolate 
the measured curves according to some theoretical law. For 
metals the theoretical relations are well established (see 
Hughes and Dubridge, 1932), but for semiconductors lack of 
definite knowledge of the form of the density of states function 
N{E) at the top of the full band, and the transition probabilities, 
introduces some uncertainty into the interpretation of the 
measured values. 

Apker et alii deduce that the energy distribution of the 
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emitted photoclcctrons should be of the form 

7V'(r, W) = -4-A-Wy . . . .( 65 ) 

where It' is the kinetic energy of the emitted electron, is 
a slowly varying function of the frequency of the incident light, 
and r is a parameter determined by the form of J^{E) and the 
transition probability. The current-voltage characteristic will 
be given by the integral of this distribution function with 
respect to IK between the limits of IT and — A. 

miiA f c 

The resulting formula for the relative photocurrent is there¬ 
fore of the form 

/ = cj{v){hv 2/(n .... (66) 

where/(f) is a function of the applied voltage only, to the 
power r -(- 2. Experimentally the variation with v seems best 
fitted by a term [hv ~ <t>t — giving r — 2 (in contrast to 
tlie case for a metal where the variation is as [hv — ^)2) while 
tlie variation with voltage indicates r = i to 1*5, 

In spite of the uncertainty in the value of r, fairly definite 
values of the depth of the full band below the Fermi level 
have been obtained for boron, germanium, tellurium and 
arsenic, thus giving an additional means of estimating the 
activation energies. 

10.2. LIGHT EMISSION PHENOMENA 

It has recently been found experimentally that under suitable 

conditions light emission can be obtained from semiconductors. 

For silicon carbide, Lehovec et alii (1951) found that injection 

of carriers through p~n barriers produced a yellow light, 

although cases of blue light have also been reported. The 

effect IS attributed to recombination of holes and electrons in 

the barrier region, so that the radiation would be expected to 

be roughly monochromatic with a wavelength appropriate to 
the opticcil <ictiv<ition cnerj^y. 

riie SiC specimens used were of unknown purity, and no 

definite correspondence was found, but it would seem that 

1 datively pure /.-« junctions, such as arc obtainable in 

germanium for example, should emit monochromatic radiation 

appropriate to the intrinsic activation energy i.e. of wavelength 
approximately i-yp. 
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INTRODUCTION 


Although the first photoconductive material known was the 
element selenium (Smith, 1873), until very recently little work 
had been carried out on photoconductivity in other elements. 
Up to the end of the recent war, only two other elements were 
investigated, namely sulphur (Joffe, 1928; Kurrelmeyer, 
1927) and carbon—in the form of diamond (Gudden and 
PoHL, 1923, 1924; Robertson et alii^ 1934; Pant, 1944). As 
the outcome of research work on crystal detectors for radar 
equipments, results for silicon were published soon after the 
end of the war (Teal et alii, 1946). 

On the basis of these rather meagre data, it was postulated 
by the author that all elements which were not metals, and 
which had a high refractive index {i.e. greater than about 2— 
this being Gudden and Pohl’s criterion for photoconductivity 
in substances without artificially introduced impurities) would 
be photoconductive. Table III gives the part of the periodic 
table which covers the elements included in this statement. 
At this time many of the refractive indices were unknown, but 
general deductions from the reflectivities, and position in the 
periodic table, served to show that they should be high. 

Table III 


Be B C N O 

A 1 Si P S Ci 

Ga Ge As Se Br 

In , Sn Sb Te I 

Pb Bi Po 85 

Elements to the top right of the table are excluded by virtue 
of their low refractive indices. It may be remarked that none 
of them are solids at room temperature. Elements to the 
bottom left are metals—information on the radioactive elements 
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85 and polonium having been published by Corson et alii 
(1940), and Maxwell (1949) respectively. The elements in 
the ‘ b ’ parts of the columns i.e. Ti, V, Cr, Mn and their 
congeners are all metals. The only one on which there was 
originally some doubt was Ti, but this has been dispelled by 
the work of Michels and Wilford (1949). 

There remains a total of no less than twelve elements which 
can exist in non-mctallic forms and which it was therefore 
thought would be photoconductive. During the past five years, 
considerable experimental work has been carried out on all 
these listed elements, although for some of them which have 
been investigated by the author there is no published informa¬ 
tion as yet, except in the form of a dissertation*. 

In Part II of this book, measurements on photoconductivity 
in ten of these elements are described. Regarding the remaining 
two, there is some doubt as to the interpretation of results 
obtained for antimony, so that the occurrence of photo¬ 
conductivity in this material is not yet definitely established. 
For grey tin no data have so far been published on photocon¬ 
ductivity, but in view of the other properties of this element it 
is probably only a matter of overcoming the (considerable) 
experimental difficulties in order to demonstrate its occurrence. 
1 he original postulate has thus been largely confirmed. 

In the following cliapters details are given of the methods 
of measurement and data obtained for the twelve elements. 
In addition to the purely photoconductive effects, results are 
given for various electrical and optical properties which have 
been shown in Part I to influence the photoconductive processes. 
'Fhc most important measurements described arc: 

i Variation of both dark and photocurrents with applied 
fields, and determination of specific resistance. 

ii Relation between photocurrent and incident energy. 

Hi Spectral sensitivity measurements, from which optical 
activation energies are determined. 

iv Resistance/temperature or Hall effect/temperature 

measurements, from which thermal activation energies 
and mobilities are deduced. 

• Moss, Dissertation, Cambridge, 1950. 
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V Temperature and pressure dependence of activation 
energy. 

vi Absorption constant. 

vii Refractive index and dielectric constant. 
via Response times. 

ix Behaviour as radiation detectors. 

For those results which are as yet unpublished, particularly 
for boron, arsenic, phosphorus, tellurium and iodine, fuller 
details of the experimental conditions and techniques will be 
given than for results which have already been described in the 
literature and to which full references are provided. 
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BORON 

II.I. GENERAL PROPERTIES 

I'here is little information available on the properties of boron. 
The element normally occurs as a dark amorphous powder 
with a specific gravity of 2-34 (Fornstecher and Ryskevic, 
1945). Thus from the atomic weight of ii, the number of 
atoms per cm^ is 1*3 X lo^^. In ‘ pure ’ crystalline form it is 
black and almost as hard as diamond (Weintraub, 1909, 1911). 
Estimates for the melting point range from 2,200®C to 2,8oo°G. 

The expansion coefficient is 8*3 x io“® (Dupuy and 
Hackspill, 1933), with no anomalies (indicating no phase 
changes) between 2o°C and 75o‘"C. X-ray measurements have 
been performed on crystalline boron (von Naray-Szabo, 
1936), lattice parameters being quoted as « = 12*55 A, 
r = 10'18 A. However Wyckoff (1948) states that the 
crystal structure of boron is still in doubt. 

There has been considerable disagreement about the 
electrical properties of boron, but the data presented in this 
chapter confirm that it is a semiconductor and photoconductor. 

II.2. properties of evaporated films 
Preparation 

Great difficulty was encountered in the evaporation of boron 
to form sensitive layers. Some of the factors contributing to 
the difficulties arc: 

a Vapour pressure of boron is low. 

h Melting point high, ~ 2,30o'’C, so that it is not possible 
to get good thermal contact between the boron and a 
heater below this temperature. 
c Only amorphous boron readily available. This cannot be 
heated in a wire basket for example. 

Dewar flask type cells were used (sec Figure /j^a), and initial 
attempts were made to evaporate the powdered boron from 
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conical tungsten heaters, using commercial ‘ pure ’ boron. In 
order to get the powder in a suitable form to stay in the tungsten 
baskets it was compressed into pellets. It was found necessary 
to raise the temperature of the heater to a brilliant white heat 
before any evaporation took place. The films formed were in¬ 
variably of low resistance, with metallic resistance-temperature 
properties, and it was concluded that some of the tungsten had 
evaporated. It was apparent that the boron was much cooler 
than the tungsten during the evaporation, the temperature of 
the boron probably not exceeding i,500°G. By winding the 
tungsten helix very closely and then painting the inside of it 
with Aquadag to increase the efficiency of heating of the boron, 
some films showing semiconducting properties were obtained, 
but none of these were photosensitive. 



a b t 


Figure /j. Designs of experimental cells 

The next method of evaporation tried was by self-heating of 
the boron so that the desired temperature could be obtained 
without trouble from evaporating tungsten. The boron was 
compressed into rods about i cm long and 2 mm diameter. 
One of these rods was then mounted in a Dewar flask by 
means of graphite caps which were drilled on one side to be a 
close fit on the boron rod and on the other side to fit heavy 
tungsten electrodes sealed through the walls of the flask. A 
niica screen was placed inside the cell to prevent evaporation 
of boron on to the front window. This could be moved by 
tilting the cell to allow optical measurements to be made. 
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After evacuating the cell heating of the rod was attempted. 
The oven surrounding the cell was first raised to 500°C, to 
increase the conductivity of the boron, and then electrical 
heating applied. After some initial sparking the rod was 
raised to a fairly steady orange heat, but as the power input 
was increased a number of hot spots appeared on the rod and 
it soon became open circuited. A little evaporation had 
occurred, there being a thin brown film over part of the cell. 
The layer resistance was very high at ioo°C) and 

after cooling to room temperature it was not possible to detect 
cither d.c. or a.c. photoconductivity. Subsequent attempts 
gave the same results, i.e. slight evaporation of boron, but no 
useful layers. 

The final method tried was evaporation from an electrically 
heated graphite boat. A miniature boat was made, and 
mounted in the cell as shown in Figure /^b, beneath the layer 
electrodes at A. The boat had a central diameter of 2 mm and 
was hollowed out at C to leave a thin shell where the maximum 
heating was required. The ends of the boat were drilled to 
fit tightly on tungsten rod electrodes [D D) sealed through the 
cell walls. This system proved to be successful, and several 
photosensitive layers were made by its use. Lengthy outgassing 
of the carbon boat and its boron contents was required before 
it was possible to keep the boat at ^ i,500°G without much 
rise in the pressure in the vacuum system. Much of the out- 
gassing was probably due to liberation of oxygen, of which as 
much as 25 per cent may be present in amorphous boron 
according to Kahlenberg (1925). 

For the evaporation, the boat was kept at ^ 2,500°C for 
periods of a few seconds to a minute. This was sufficient to 
produce layers that were practically opaque to visible radiation. 
The resistances of the layers produced were usually in the 
range 50 to 150 kli, for electrodes i cm wide spaced i mm 
apart. It was found that the more prolonged the outgassing 
treatment, and the higher the temperatures at which it was 
carried out, the higher was the layer resistance and the greater 
tiic photosensitivity. Also the sensitivity was generally im¬ 
proved by keeping the electrode surface at a fairly high 
temperature during the evaporation to prevent the condensa- 
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tion of metallic impurities which are commonly present in 
boron, particularly magnesium. This metal does not condense 
at temperatures > 400°C. Use of much higher temperatures 
than this gave very ‘ noisy ’ layers, possibly as a result of 
contact noise caused by differential contraction between layer 
and substrate on cooling. 

Measurements were carried out on four cells made in this 
manner. The sensitivity of the cells was low under both d.c. 
and a.c. conditions. For d.c. the conductivity change was 
per cent when a lOO W lamp was placed close to the cell 
i.e. a radiant intensity of ~ 1/4 W/cm^ on the layer. Under 
a.c. conditions the limiting sensitivity, defined as the energy 
incident on the sensitive area of the cell required to produce a 
signal equal to the r.m.s. noise from the layer with an 
amplifier bandwidth of i c/s, varied from lO”^ W to 3 X lo"^ \V 
for an operating frequency of 85 c/s. These measurements 
were made with monochromatic radiation at the wavelength 
of maximum sensitivity. Owing to these low sensitivities, it 
was necessary to use a very narrow band amplifier to obtain 
adequate signal/noise ratios to carry out measurements of the 
spectral distribution of sensitivity. The procedure adopted 
was to use a homodyne system i.e. an a.c. amplifier followed 
by a mixer circuit where the amplifier output and a reference 
voltage beat together to give a zero-frequency beat, or in 
other words, a d.c. output. To ensure that the reference 
frequency was identical with the frequency of the amplifier 
output, it was derived from the same chopper disc as that used 
to interrupt the radiation incident on the layer. This method 
of generating the reference voltage has the advantage that the 
speed of the chopping disc is not critical. However, the 
measurements were normally made at the same frequency, 
85 c/s. 

Tests were made to show that this frequency was not too 
great for the response times of the cells by observing that the 
signals from the cells did not decrease as the frequency was 
increased to 85 c/s. As no decrease as great as 10 per cent 
was observed for any of the cells, the response time must be 
much less than the duration of the pulses of radiation i.e, 
6 X lO'^sec, and probably t < 2 x lO’^sec. 
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Measurements of Spectral Sensitivity 

Measurements on four of the cells were carried out, using a 
lithium fluoride prism monochromator. The energy from the 
monochromator was calibrated by a radiation thermopile. 

Cell A — The resistance of this cell, which had electrodes 
6 mm wide, o-6 mm apart, was 50,000 H at room temperature. 
The layer had about 10 per cent transmission for visible 
radiation, so that the thickness was probably about ^ \i. 



Wavelength A.erZ 

Figure 14. Spectral setisUivity curves for boron 

The results arc plotted on a logarithmic scale in Figure J^a 
as the ratio of (cell response)/(incident power) over the wave¬ 
length range 0*5 to 2-6 (i. Maximum sensitivity is seen to 
occur near 0-6 p, after \vhich the sensitivity falls steadily with 
increasing wavclcngtli up to 1*6 ji. At longer wavelengths 
there is a second band of photosensitivity. For the main band 
ol sensitivity Aj=i*i2|z, while for the secondary band 

Aj = 2*6 |i. 

Cell B — Ihis cell had a thicker layer, probably ^ i 
tliick, and gave a resistance of 75 kD. for the same electrode 
dimensions as cell A, The cell was very noisy when current 
was passed through it, but it was possible to obtain spectral 
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sensitivity measurements over the restricted wavelength range 
of 0’7 [T to 1-6 (JL. The results are shown in Figure /^b. Only 
the main band of sensitivity appears, with its maximum at 
0-8 |ji, the sensitivity falling approximately exponentially with 
wavelength for A > o-g (i. The threshold wavelength lies at 

Aj= 1-2 [I. 

Cell C —This layer had a higher resistance (140 kfl) than 
cells A and By although it was totally opaque and therefore 
presumably thicker. 

Spectral sensitivity measurements were possible from 0-7 to 
1-7 (X. As seen from Figure /4c, Aj= 1-2 [x. This cell was 
opened to the air and remeasured. No significant change in the 
spectral sensitivity curve was observed, but the cell became 
noisier. 

Cell D — For this cell the electrode surface was at 450°C 
during the deposition, in contrast to the previous cells where 
the substrate was not heated. The resulting layer was the 
most sensitive of those produced by evaporation, giving 
signal = noise in i c/s bandwidth for an incident energy of 
3 X 10“’W at 0-6 (X. With this higher sensitivity it was 
possible to carry out more measurements than had been 
possible on the other cells. 

Spectral sensitivity measurements covered the range 0*5 [x 
to 2*6 fx. At the latter wavelength the absorption in the glass 
window of the cell was beginning to be important. The curve 
plotted in Figure shows that for the main band of sensitivity 
Aj= 1*05 IX. The secondary band of sensitivity is not well 
defined, but it is estimated that 2-8 {x. 

Field and Energy Dependence of Photocurrent 
For cell D measurements of dark current and a.c. photocurrent 
were made for various applied voltages. The results proved 
that the layer obeyed Ohm’s law for voltages between i and 
100 V i.e. 14 to 1,400 V/cm. The layer resistance was 95 kO, 
which for a layer 6 x 0-7 mm^ and an assumed thickness of 
I {X, indicates a specific resistance of 80 Hem. The dependence 
of the a.c. signal from the layer on the applied field was also 
linear for the same range of fields. 

The variation of a.c. photocurrent with incident radiation 
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was observed for intensities up to To prevent 

heating of the layer, the electrode surface was water-cooled. 
The measurements shown in curve A of Figure ij lie well on a 
straight line, showing that the response is linear at least up to 
a power of 9 X lo^^ W on the layer. 

When these measurements were completed, cell D was 
opened to the air and the sign of the thermoelectric power 
observed. This showed the layer to be a hole conductor. 



Power watt 

Figure 75. Variation of ax, photocurrent with 
incident power for boron fibm 


II. 3 » LAYERS MADE BY PYROLYTIC DEPOSITION 

After the measurements on evaporated films were completed, 
a series of layers were made by a new method, namely by the 
thermal decomposition of a boron hydride gas to give a deposit 
of boron. Boron forms a series of hydrides (of which the lower 
members arc gases at ordinary temperatures), which all possess 
the property of decomposing into boron and hydrogen at 
temperatures above 500°G (Emeleus and Bell, 1948). These 
boron hydrides arc not readily available, but small quantities of 
diboranc (BgHg) of a high degree of purity were obtained 
from a chemical research laboratory*. The gas was prepared, 
stored and transported under vacuum conditions. 


• Kiiully proviUtxl by T. G. A. Stone, Cambridge Ibuvcrsily Chemical Laboratory. 
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Dewar flask type cells were used as before, with arrange¬ 
ments to pass the diborane into the cell as required. About 
10 to 20 cm^ (at s.t.p.) were required to form a typical 

layer. After outgassing the cell a small quantity of Wood’s 
metal was put in the inner part of the Dewar and heated 
electrically to 550°C. With the electrode surface at this 
temperature the cell was sealed off from the vacuum system, 
and the diborane admitted. The gas decomposed in a few 
seconds and formed a film of boron on the heated portion of 
the cell. 

As the cell was allowed to cool (after removing the Wood’s 
metal), the layer resistance increased steadily to reach about 
8o MD at room temperature. This is a factor of i,ooo greater 
than the average evaporated cells, thus indicating much 
greater purity of the layer. After pumping away the hydrogen 
formed by the decomposition, the cell was sealed off from the 
vacuum system. Several cells made in this manner showed 
similar behaviour, and all gave fairly good sensitivity, compared 
with the evaporated layers. 

Measurements of the dependence of the dark current and 
a.c. photocurrent with applied field were carried out on one 
cell (cell E), direct proportionality being found in both cases 
throughout a range of applied fields of 30 to 3,000 V/cm. The 
a.c. photocurrent was measured as a function of radiant 
intensity for this cell, the results being shown as curve B in 
Figure /j. The relationship is seen to be linear for the lower 
intensities, but the signal increases less rapidly than the power 
at high levels. The curve deviates 10 per cent from linear at 
an incident power of approximately 3 x lO"^ W. The signal 
obtained with this power was not exceeded in the spectral 
sensitivity measurements, in order to ensure linearity of cell 
response. 

Measurements of Spectral Sensitivity and Spectral Shift 

These measurements were made on four cells, under the same 

experimental conditions as for the evaporated layers. 

Cell E — The spectral sensitivity curve for this cell was 
similar to that of Figure 14, curve a, with a maximum at o*6 
and Aj= 0*97 [l. The secondary band of sensitivity, which 
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was much smaller than for cell A (only 5 per cent of the main 

band) had ~ 2 6 (i. 

Cell F — This layer was not so sensitive as cell E and it was 
impossible to observe the secondary band of photosensitivity. 
The maximum was at 0-7 (z—with an exponential fall of 10 : i 
in sensitivity between 0*9 ^ and 1-6 ^—and A^= 1*04 [a. 

Cell G — Again only the main band of sensitivity was ob¬ 
served. The impurity band, if present, must have been 
< 10 per cent of the main band. The peak wavelength was 
0'7 and 1*13 [i. 

Cell H — This cell was very noisy, but it was possible to plot 
the main band of sensitivity over a range of 0*7 (x to 1*7 [i, 
which gave Aj= 1-23 (x. 

A measurement of the spectral shift with temperature was 
undertaken on cell E as this was the most sensitive one made. 
The cell was set up on the spectrometer, and the inner cavity 
of the Dewar filled with glycerine. An electrical heater and a 
thermometer were immersed in the glycerine, the heater being 
decoupled by suitable condensers to eliminate electrical inter¬ 
ference which was otherwise picked up on the high resistance 
cell. 

Measurements were taken at 268°C—the temperature being 
kept constant to within i°G throughout the measurements— 
and the cell then allowed to cool and a second set of measure¬ 
ments performed at 24°G. The two spectral sensitivity curves 

thus obtained arc plotted in Figure /^f. The threshold values 
found are: 

24°G, Aj= 0-97 fx 
268°G, A^= 1.04(x 

Hence the spectral shift is 0-07 jx for 244®G, or dEjdT = 
— 3'5 X io“^cV/°G. The experimental conditions, and well- 
defined shape of the curves render the determination of the 
Aj values fairly precise; and the shift probably lies between 
3 X io-‘*and4 X lO-W/^G. 

Resistance! Temperature Measurements 

For these experiments the outside of the cell was lagged with 
asbestos wool, and Wood’s metal used as a heating bath in the 
inner part of the cell. The Wood’s metal was heated electrically, 
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and temperatures were read by a mercury thermometer whose 
range extended to 550°C. Readings were taken on heating, 
the temperature being allowed to stabilize before each reading. 

Cell E — For this cell the resistance was found to change by 
a factor of lo* between 20°C and 550°C. The results which 
are shown by the dotted line on the customary semi-log plot 
in Figure 77, fall on two straight lines. For the high temperature 
region the slope corresponds to a thermal activation energy 
of 0*98 eV. From the graph the resistivity at 7oo°K is 
20 Qcm, estimating the layer thickness to be ^ Putting 

(7 = (T(j exp (— 0 - 98 / 2 kT) 

we obtain a(,~ 200. This magnitude indicates that the con¬ 
ductivity is intrinsic and that the mobility is about 50 cm 
sec~'/V cm~^ at room temperature. 

It may be noted that there was little permanent change 
produced by heating the layer to 550°C, Check points taken 
on cooling led to an activation energy 0*97 eV. For the low 
temperature region, the slope gives an activation energy of 
0*59 eV. 

Cell F — This cell was measured over the temperature range 
30°C to 48 o°C. The points again lie close to two straight lines 
on the semi-log plot, from the slopes of which the activation 
energies are 0*90 eV and o-6i eV. 

Cell H — For this cell the points lay on one straight line for 
temperatures of i50°C to 400°C, the slope of the line giving an 
activation energy of i-o eV. 

Reflectivity Measurements 

Although the boron layers were not optically flat, it was 
decided that valuable information about the optical properties 
of boron might be obtained by measurements of the reflectivity 
of the layers. Cell E was selected as having the best surface. 
In consequence of the layer not being flat, a very diffuse image 
resulted from the reflection, the area being about 10X7 mm- 
with the optical arrangement used. The image was received 
on a large area lead sulphide cell detector, and although care 
was taken to use an image as nearly as possible the same size 

* See next section on reflectivity measurements. 
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and on the same part of the cell both with and without the 
boron layer in the beam, absolute values of the reflectivity 
cannot be very accurate. 

The results obtained are shown in Figure i 6 where two 
interference fringes may be seen. There are reflection maxima 
at 5,500 and 9,500 cm’^ and minima at 7,000 and 4,000 cm“^. 



from these figures the average fringe separation is 3,500 cm“*, 
so that the refractive index is given by = 1/3,500 = 2*9 [i, 
where d is the film thickness.* It was not possible to measure 
the thickness, so the value of the refractive index could not be 
obtained directly from this value of 2nd. However, estimates 
were made from the values of the reflectivity. 

At short wavelengths, where the absorption is high enough 
to suppress interference fringes, the reflectivity is 29 per cent 
so that with (« — i)“/(« -f 1)2 = 0-29, n 3'3. With 
2nd — 2*9 [I this gives d 0*5 \i. This value of thickness 

♦ See appendix on interference theory. 
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cannot be seriously in error and is therefore used in the 
resistivity calculations of the previous section. 

From the interference theory the reflected amplitude at 
maximum is 2r/(i r^), the reflecting power being the square 

of this. From the curve of Figure i 6 the maximum reflectivity 
is 54 per cent, and hence r = 0*42. Now = (n — i) ^ 

therefore n = 2*5. This is a lower limit to n as the maximum 
reflectivity only equals the above expression when there is no 
absorption i.e. when the minimum reflectivity is zero. With a 
transmission factor of a for each traversal of the film we have: 


n • r(l — a^) 

minimum reflection = —- - 

1 - 



i 


maximum reflection = —^- 

1 + a 

From these equations w ^ 4. Taking the average of these 
values of n, we may conclude that the refractive index is 
somewhat greater than 3. 

From the variation in amplitude of the fringes it is clear 
that the absorption is increasing rapidly with wave number 
over the range of measurements, being low at 2 (x and high at 
0*8 iJL relative to an absorption constant of 10^cm"^. 



II. 4 . PROPERTIES OF BULK BORON 

The most thorough investigation of the properties of pure solid 
boron is that of Weintraub (1909, 1913). After establishing 
that previous methods of producing boron could give as much 
as 15 per cent of oxygen and 5 per cent of magnesium in the 
material, this worker devised a new method of preparation 
and succeeded in producing fused boron of purity at least 
99-8 per cent. The residual 0*2 per cent represented the 
possible errors of the analysis, so that the actual purity might 
well have been much greater. The electrical properties of the 
material indicate much less impurity than 0*2 per cent. 

The method of production was to reduce high purity boron 
trichloride by oxygen-free hydrogen using a high voltage 
electric arc. Copper was found to be the most satisfactory 
material for the arc electrodes, as its affinity for boron is very 
low. The boron was deposited partly as powder and partly 
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as fused beads which grew on the electrodes. These beads 
were extremely hard—almost as hard as diamond—and showed 
conchoidal fracture. It was on these fused samples that 
measurements of electrical characteristics were carried out. 

Conductivity 

At 23°C Weintraub found the specific resistance to be 
1*7 X lo^flcm, falling to about i ficm at i,ooo®C. Measure¬ 
ments on two samples when heated above room temperature 



ate shown plotted as log(rcsistancc) against reciprocal tern- 

peraturc m Figure ij. The slopes of the two curves in the 

high temperature region give thermal activation energies of 
1-25 cV and 1-05 cV. 

Assuming that the conductivity is intrinsic in the high 
temperature region, we may estimate the activation energy 
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from the relation (7=a(,exp (—£'/2kT)j where cto^4 x mobility 
at room temperature. For the two curves the specific resistances 
are lo^Hcm at 465°C and 445°G, giving a mean of 455*^0. 
Hence taking 0-0^^1,000, gives E i-25eV. This figure is 
sufficiently near to those obtained from the slopes of the curves 
to confirm that the conductivity is indeed intrinsic at the 
higher temperatures used for the measurements. 

Other measurements of the conductivity of bulk samples 
of boron have been carried out by Warth (1923, 1925)—who 
used the same method of preparation as Weintraub—and by 
Freymann and Stieber (1934). Warth’s results, which are 
also plotted in Figure ly, are seen to give a single straight line 
for all temperatures above goo^K. The activation energy given 
by the slope is £ = 0*98 eV. The conductivity continues to 
rise with increasing temperature to at least i,8oo°C, where it 
is several hundred fi"^cm“i. 

At 30°C Freymann and Stieber found the resistivity to be 
2*1 X io®Qcm, in reasonable agreement with Warth’s value of 
0-9X lo^ficm. Assuming intrinsic conductivity (with 1,000) 

gives values of activation energy of 1-12 and i*o8 eV. The 
resistivity is sufficiently large to make this estimate fairly 
accurate. For example, an error of 5 : i in the assumed value 
of o-Q would only change the calculated energy by 8 per cent. 

An estimate of mobility is best made from the value of 
conductivity at high temperatures. At 725°K Warth and 
Weintraub’s figures coincide at p = 20 Qcm. With the 
activation energies as given by the slopes we have (Xq 
and 1,000 in the two cases, indicating mobilities '^30 and 
250 cm^/V sec. 

Some of the more recent measurements on boron show only 
small dependence of resistance on temperature. Henninger 
(^937) found this to be the case, and Laubengayer et alii 
(^943) maintained that the resistivity changed by < 100 : i 
between 20°G and 6 oo°G. However, in the latter paper, 
although the boron (which was made by deposition on a hot 
tungsten wire) was claimed as ‘ pure ’, it is admitted that it 
may have been only 99 per cent pure. An impurity concen¬ 
tration of I per cent is of course extremely large where electrical 
properties are concerned. Weintraub (1913) in fact observed 
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that the addition of i per cent of carbon reduced the specific 
resistance of his boron by a million times at room temperature, 
and at the same time the high temperature coefficient of 
resistance disappeared. 

A FIAT* review states that the resistance varies rapidly 
with temperature in the 300 to 4O0°G region, the conductivity 
doubling for every rise in temperature. With cr = 

orpexp (— £/2kT), then for a ratio of 2 : i in a, £ = 1*4 kT^T^ 
~ (Ti— Tg). With Tj— 7'2= ig^'G, this gives E i eV, 

Estimates of the thermal activation energy obtained from the 
slopes of the log(rcsistancc)-rcciprocal temperature curves 
thus range from 0-98 to 1*25 eV. Estimates for the gap width 
from the absolute conductivity fall in the same rangei-i eV 
with a tolerance of about 10 per cent. 

For the impurity activation energy, values of 0-65 to 07 eV 
are obtained from the lower temperature parts of Weintraub’s 
curves. An estimate of the density of impurity centres may be 
made from equation 7 i.e. ^2= WFcxp (—A£/ytr). From 
curve A of Figure ly a = io~® at 300°K, so that n ^ 10“ 
carriers/cm 3 . With an average value of EE = o-68 cV, we 
find the density of centres io*®/cm^, which indicates a 
Iiigh degree of purity. 

Photoconductivity 

A set of measurements of photoconductivity in crystalline 
boron has been given by Freymann and Stieber (1934). 
Using a sample 5 mm long and 1*5 mm diameter they were 
able to measure the d.c. photocurrent over the spectral range 
0'6 to 1*2 (1. Their results, shown in Figure i^c give a maximum 
at 0*85 tx, and a threshold wavelength A^=o-98(i, This 
value falls within the range already obtained from measure¬ 
ments on films. 

11.5. SUMMARY AND DISCUSSION 

Photoconductivity has now been observed in boron layers, 
formed cither by evaporation or by decomposition of diborane, 
and in crystalline samples. For the layers the measurements 
were made at 85 c/s, so that only rapid photo-effects were 

* Review of Germaa war-time science. 
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involved. Both dark and photocurrents were found to be 
proportional to the applied field over a wide range, and the 
a.c. photocurrent was proportional to the incident power 
provided this did not exceed 1/20 W/cm^. 

Measurement of the reflectivity indicates that the refractive 
index of boron is somewhat greater than 3. Values of activa¬ 
tion energy are available from both photoconductive measure¬ 
ments and resistance-temperature measurements on layers and 
bulk samples. The energies (in eV) are summarized in Table IV. 


Table IV 



1 

Sample 

Optical ' 
Energy 

Thermal 

Erurgy 

Specific 

Resistance 


Cell A 

i*i 




Cell B 

1*03 

1 



Cell C 

1-03 



Layers 

CellD 

i*i8 




Cell E 

1*27 

0-98 

\'i 


Cell F 

i*i8 j 

0-90 

1 

j 



CellG 

1*07 



Cell H 

1*0 

1 

I'O 

J 


Freymarm and Stieber 

I'26 

1 

1*12 

Bulk 

Worth 

— 

' 0-98 

I -08 

Samples 

Weintraub .. 

_ 

ri- 25 | 

1*25 






FIAT review 


^ro 



The magnitude of the conductivity at high temperatures, 
and the similarity of the activation energies obtained by a 
variety of methods on widely differing samples, establishes 
that the conductivity and photoconductivity are intrinsic. The 
average values of the intrinsic activation energy are : 
i optically 1*12 eV ; 

a thermally 1*03 eV, with an overall average of i*o8 eV. 

The temperature dependence of the energy gap was found 
by measuring the shift of the photoconductive spectral sensi¬ 
tivity curve. The value obtained was dEjdT = — 3*5(i ^*3) 
X io~^eV/®C. The shift is thus of the same sign as for the 
diamond-germanium series. For the impurity activation 
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energy, values between 0*45 and 0*7 cV arc given by either 
optical or thermal methods, with no significant difference 
between results for layers and bulk samples. 

An independent estimate of the width of the forbidden zone 
in boron is obtained from the photo-emissive measurements 
of Apker et alii (1948). These workers used thick films 
deposited by pyrolysis of diborane on to tantalum substrates 
at 7oo°C. From the results it was not possible to determine 
uniquely the value of the index r in equation 65 and 66, the 
fit of the data being equally good with r = i or r = 2. For 
the former, the energy separation of the full band and Fermi 
level was found to be A 0*5 eV, and for the latter, 
A 0*25 cV. The former value would thus indicate an 
intrinsic activation energy of i eV, assuming the samples to 
be pure enough to be in the range of intrinsic conductivity, 
with the Fermi level midway between the full and con¬ 
duction bands. Actually Apker et alii reported that the layers 
were /^-type as judged by thermoelectric power measurements. 
As values of impurity activation energy obtained for />-typc 
films by other measurements range from 0*45 to 0*7 eV, the 
corresponding value of A would be 0*22 to 0-35 cV. The 
results of Apker et alii arc thus in agreement with the energy 
values found by other methods, and give support to the 
conclusion that boron is a semiconductor with an intrinsic 
activation energy of approximately i*i eV. 
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DIAMOND 

12 .I. GENERAL PROPERTIES 

Carbon appears in the allotropic forms of graphite, diamond, 
and as amorphous powders. Only diamond of these forms has 
been reported as showing photoconductivity, and only this 
allotrope will be dealt with at present. 

Diamond crystallizes so that each carbon atom has four 
nearest neighbours arranged tetrahedrally about it. The 
interatomic distance is 1*54 A and the lattice constant 
a = 3*560 A. The crystals are colourless, indicating that 
absorption occurs only in the ultra-violet. Diamond is normally 
classed as an insulator, the specific resistance at room tempera¬ 
ture being in the neighbourhood of 10^^ cm. 

Kimball (1935) has carried out a quantum-mechanical zone 
treatment of diamond, and thus derived the form of the energy 
bands depicted in Figure i. His results show that diamond 
should be an insulator (as the four valence electrons per atom 
are just sufficient to fill the lower band) with a large energy 
gap between the full and conduction bands*. As no method 
of making diamonds artificially has yet been established, all 
the measurements described relate to natural crystals. 

12.2. PHOTOCONDUCTIVITY 

Photoconductivity of diamond, when irradiated by wavelengths 
in the near ultra-violet region of the spectrum, has been 
observed by several workers, including Gudden and Pohl 
(^ 923 )> Robertson et alii (1934), and Pant (i 944 )* Robertson 
et alii found that not all diamonds were photoconductive, but 
only those of type II i,e. the type which is most transparent 
both in the ultra-violet and infra-red regions of the spectrum. 
Rectification effects in photoconducting diamonds have been 
observed by Curl and Danielson (1952). 

* Similar results have been obtained more recently by Hall (1952)* 
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Gudden and Pohl found that at low voltages the photo¬ 
current increased in proportion to the applied voltage, but that 
saturation of the photocurrent was obtained with about 
1,500 volts applied to a crystal i mm thick. As shown in 
Figure 5b, their results agree well with the theoretical formula 
of equation 22. Taking the experimental values from the graph 
the equation becomes 

a.2.5x.o- 

where V„^ = 1,570 V 
Now y = 

h h 



In the example given the electrode separation was 
h ~ 1-02 mm^, and hence br = 6-6 X iO“®cm^/V. A value 
for the product of the mobility of the current carriers and their 
life-time is thus obtained. 

More recently the behaviour of currents produced by 
bombardment have been studied by McKay (1948 and 1950) 
with respect to their voltage dependence. He finds the results 
to be well fitted by a somewhat more elaborate formula for 
the photocurrent given by Hecht (1932). The formula— 
which applies for electrons produced near one electrode, not 
uniformly as in equation 22—is = dlh{\ — exp (— hjd)}. 

As djh = F/Kq, this expression may be written as 

'7/o=^/^^o{l-exp(Fo/n}. 

It has the same general shape as equation 22. From the values 
o^djh obtained from McKay's curves the product of the mobility 
and life-time of the carriers can again be computed. The 
values obtained are br = 8*3 x io~®cm^/V for electrons and 
4*6 X 10 ** cm“/V for positive holes, the values being sensibly 
independent of the applied voltage between 5 and 14 kV, The 

values thus agree closely with that calculated from Gudden 
and Pohl’s work. 

1 he mobility and time constant terms cannot be separated 
by this type of measurement alone, but with independent 
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estimates of b as given later, these values may be used to 
estimate t. By the use of pulse techniques, Pearlstein and 
Sutton (1950) have measured the response time for diamond 
directly, obtaining the value 9 x io“®sec (within diiopercent). 
The effect of space charge on photocurrents in diamond has 
been discussed by Newton (1949), and compared with 
McKay’s measurements. 

Gudden and Pohl {1923) found that by illuminating a 
diamond with red light at the same time as the ultra-violet 
illumination was applied, approximately double the photo¬ 
current was obtained. The red light alone had no photoconduc- 
tive effect, and hence its action was interpreted as freeing the 
positive holes produced by the primary photoeffect, these being 
otherwise relatively immobile. Alternatively, if the red light 
was applied after the u.v. had been switched off, the quantity 
of electricity passing between the electrodes was almost exactly 
equal to that which passed during the u.v. irradiation. Typical 
figures obtained were: 

U. V. alone Subsequent red light 

3*75 X 10“^® coulomb 3-G3 X 10~^® coulomb 
3-38 X 10-“ 3-38 x 10"“ 

2-00 X 10-“ 2-03 X 10-“ 

Pant (1944) however, found that in general the extra current 
due to the red light was only 40 to 60 per cent of the original 

photocurrent. 

Gudden and Pohl (1923) showed that under favourable 
conditions the quantum efficiency in diamond was unity i.e. 
each absorbed quantum of radiation produced one photo¬ 
electron. The accuracy of the results has already been indicated 
lit §4-1* These workers had shown previously (1920) that the 
photocurrent was proportional to the incident light intensity 
for all wavelengths between 0*254 0 ' 43 ^ M-* The linear 

relation holds both for saturation currents and also for currents 
at low field strengths. 

temperature Variation of Photocurrent 

The variation of photocurrent with temperature was observed 
from room temperature to 380^0 by Lenz (1927). As shown 
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in Figure i8 (curve A) there \vas little change below igo^C, 
while from igo^G to 380^0 the photocurrent increased by 
5*5 : I, the increase being approximately linear with tempera¬ 
ture. Mendelssohn and Dember (ig4o) carried out measure¬ 
ments at higher temperatures, and as shown in Figure 18 
(curve B) they found an increase of about 1,000 : i in photo- 
currcnt as the temperature was raised from 400°C to yoo^G, 



Figure 18. Photocurrent-temperature for diamond 
Photocurrent: curve A, from Lenz (arbitrary 

scale) curve from Mendelssohn 
and Dember 

Pholovollage: curve C^from Mendelssohn and 

Dember 

'1 he photocui rent increased approximately exponentially with 
temperature, a relation which has previously been observed 
for various compounds. 

Also shown in Pigiire 18 (curve C) is the temperature variation 
of the photovoltage observed by Mendelssohn and Dember. 
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At the Optimum temperature, the photovoltage reaches the 
remarkably high value of three-quarters of a volt. Robertson 
et alii (1934) measured the current generated without an 
applied voltage—which would be expected to behave in a 
similar manner to the photovoltaic effect—and found that it 
reached a maximum in the neighbourhood of — 40°C. For 
the photoconductive effect however, these workers found the 
optimum temperature to be 250°C, falling rapidly as the 
temperature was further increased. 

12 . 3 . SPECTRAL DISTRIBUTION OF SENSITIVITY 

The spectral sensitivity curve of photocurrent against incident 
energy is found to have a peak in the region 2,250 to 2,300 A. 
Results obtained by Robertson et alii (1934) for two diamonds 
are plotted in Figure ig on a semilogarithmic scale. It will be 



Wovefengfh 1000/T^Y. 

Figure ig. Photoconductivity Figure 20. Diamond resis^ 

in diamond {from Robert- tivity [from Wartenberg) 


SON et alii) 

seen that both curves show peaks near 2,300 A, and fall 
rapidly for A > 2,320 A. From these two curves, the photo- 
current is half its maximum value at = 0*233 [a and 0-234 tx. 
For two other diamonds measured by these workers the 
threshold wavelengths are A^ = 0*231 and 0*226 |a. From a 
curve given by Gudden and Pohl (1923) the value is 
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= 0*235 ^ spectral sensitivity curve has also been given 

by Lenz {1927) from which it is found that = 0*243 (i. 
Hence, taking the mean of these six values, wc have Aj = 0*233 y- 
and therefore the average optical activation energy is 

5-3 eV. 

Spectral sensitivity measurements have been carried out on 
the photovoltaic effect by Mendelssohn and Dember (1940), 
who find that the sensitivity is still rising at the short wave¬ 
length limit of their measurements—namely 2,300 A. No 
definite value can thus be obtained for the threshold wave¬ 
length from their work though the indications are that 

0*23 [X > Aj > 0*22 g. 

12 . 4 . CONDUCTIVITY AND HALL EFFECT 

In Spile of the fact that the activation energy deduced from 
the optical measurements is over 5 cV, it is still possible to 
excite appreciable numbers of electrons into the conduction 
band by thermal means since diamond may be heated to high 
temperatures without permanent physical changes occurring. 
Also of course, no electrolytic conductivity takes place even at 
these high temperatures, as the material is non-polar. 

Conductivity measurements were carried out over the rather 
restricted temperature range of i,i7o°G to i,38o°C by 
Wartenberg ( 1912 ). On plotting his results as log (resistance) 
against reciprocal temperature, the graph of Figure 20 is 
obtained. There is considerable scatter of the points, but they 
may be confined within a fairly narrow zone between parallel 
straight lines as shown. The mean slope of this zone is 2*6 cV, 
indicating that the thermal activation energy is approxi- 
matcly 5*2 eV. Taking the limits of error as set by the slopes 
of the two diagonals ol the rectangular zone wc find for the 
energy gap E = 5*2 i 0*3 cV. This value is very near to that 
found for the optical activation energy. 

Lenz ( 1925 ) investigated the Hall effect in photoconducting 
diamonds. The mere fact that a Hall effect was present 
confirmed that the current was electronic and not electrolytic 
in character. He found tlic Hall voltage to be proportional to 
the magnetic field, and to the electric field up to 5,000 V/cni, 
He calculated the mean velocity of the electrons in a 4,000 V/cm 


100 



CONDUCTIVITY AND HALL EFLECT 


field to be 3-4 X io*^cmscc^^, which indicates a mobility of 
800 cm sec”^/V cm~^. 

In recent Hall effect measurements (again using photo¬ 
current) Klick and Maurer (1949 and 1951) find the mobility 
of the electrons to be 900 cm sec”^/V cm“^ at room tempera¬ 
ture, with comparatively negligible mobility for the holes. The 
mobility was found to follow a T~^'- law as predicted by 
Seitz (1948), although disagreeing with the absolute value 
calculated by Seitz, which is ~ 150 cm sec“^/V cm”^*. Taking 
the average value of the mobility as 850 cm^/V sec, we can 
estimate the lifetime of the carriers from McKay’s value of 


b^r = 8*3 X iO“® as given in §12.2. We find t = 10 ® sec, 
in very good agreement with the value of 9 X iO“® sec found 


directly by Pearlstein and Sutton (1950). 

We may also use this value of the mobility in conjunction with 
the specific conductivity to estimate the activation energy from 
the formula a = where is taken as 4 X mobility 

at room temperature. From Figure 20^ o = cm"^ at 

i,440°K and hence a mobility of 850 cm sec"V^ cm“^ gives 


E = 5*8 eV. This last method is clearly not an accurate one 
for estimating the activation energy, but it nevertheless gives a 
value in rough agreement with that found by other methods, 
and thereby indicates that at these temperatures the con¬ 


ductivity is probably intrinsic. 

In the lower temperature region of 400 to yoo^C, Mendelssohn 
and Dember found that the dark conductivity could be 


represented by an exponential function of reciprocal tempera¬ 
ture. From these results they were therefore able to calculate 
an impurity activation energy, which lay in the range i ‘45 

1*75 eV. 

From measurements of the thermal release of trapped 


electrons, McKay (1950) concluded that the traps were 
roughly 0*3 eV below the conduction band. Such a value 
would be in fair agreement with the theoretical energy for a 
hydrogen-like system with a dielectric constant equal to that 
of diamond i.e, 5.7. As shown in §9. i the energy should then 

be ^3-5/(5*7)^ = 0-4 eV. 


* Ahearn (1951) has pointed out that inhomogeneities in the 
measured can give rise to errors in the experimental values of mobility. 


the samples 
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One i'ui thcr method of obtaining the width of the energy 
gap in diamond has been used, namely bombardment 
measurements with high energy electrons. By knowing the 
energy of the incident electrons, and counting the number of 
conduction electrons produced per incident electron, the 
average energy given up to excite one conduction electron is 
found. Chynoweth (1951) found this energy to be about 
7 eV*. From data quoted by McKay (1951) for other 
materials, it is clear that a loss of approximately 2 eV (per 
conduction electron) to the lattice is generally found, so that 
when this is allowed for, a value of activation energy in good 
agreement with the values already quoted is obtained. 


12.5. OPTICAL PROPERTIES 

Refractive Index 

Measurements have been carried out by several observers in 
the visible and ultra-violet spectral regions, with good agree¬ 
ment between them. Typical values from Walter (1891) are: 

Wavelength 0 ' 397 {x 0 ‘ 48 Gji 0 * 589 tA O-TSOfx 

Refractive Index 2 - 4 G 48 2-4354 2*4173 2*4024 

If these results arc plotted according to the dispersion formula 
of equation 19 i,e. as \j[n-— i) against i/A^, the points arc 
found to lie on a straight line. Extrapolating to A = co, gives 
tlic value for the 7 xro frequency refractive index Wq = 2*38, 
and nf- = 5*67. From Martens' (1902) results «o“ = 5.666, 
and the same value is given by Peter’s {1923) measurements. 
This figure is thus established to a high degree of accuracy. 
For the dielectric constant at low frequencies Whitehe.\d and 
Hackett (1939) give 5*68 ± 0*03, and Bhagavantam (1948) 
5-70. Maxwell’s relation = c is thus accurately obeyed, 
the possible discrepancy being less than i per cent. 


Absorption 

Clear, type II diamonds are transparent for wavelengths down 
to about 2,300 A (Robertson et alii, 1934). The absorption 
constant has been measured by Peter (1923) with the followng 
values; 


♦ A somewhat hiijlu-r value has been given by Fri-kman, and Van 
Velden (1952). 
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Wavelength (microns), 0-405 0-313 0-257 0-231 0 220 

Absorption Constant 0-12 0-36 0-72 6-78 14-8 

The absorption constant is thus rising rapidly in the region of 
the threshold wavelength for the photoconductive effect 
{i,e. r-^ 0‘23ti.). The dispersion of the refractive index indicates 
that the peak of the main absorption band lies at much shorter 
wavelengths than this. Hence maximum photoconductivity 
occurs on the long wavelength edge of the main absorption band. 

Diamonds exhibit several absorption bands in the infra-red 
region of the spectrum, but they are of very small intensity. 
Type II diamonds absorb only at 3 and 4*1 to 4*8^1 
(Robertson et alii^ i934)j the most intense band being the 
one at 4-8 ji. (i.c. ~ 0*4 eV) where the absorption constant is 
of the order of i mm“^. Apart from these bands there is no 
absorption for wavelengths up to 20 y. according to Reinkober 
(1911)*. In view of the good agreement between the square of 
the refractive index and the dielectric constant, no intense 
absorption bands would be expected in the infra-red. 

12.6. TEMPERATURE DEPENDENCE OF ACTIVATION 

ENERGY 

Photoconductivity and Absorption Measurements 
No thorough measurements of the spectral shift of photo¬ 
conductivity have been published for diamond. Results by 
Lenz indicate that the spectral shift is roughly 20 A between 
room temperature and liquid air temperature, which would 
correspond to dEjdT = — 2 X io“^eV/°C. This figure is 
liable to be in error by =b 50 per cent. 

Extensive measurements of the shift of the absorption edge 
with temperature were made by Robertson et alii (i 934 )> 
using photographic methods to measure the transmitted light. 
For a type II diamond they found a shift from 2,355A to 
2>393 A for the temperature range I7°C to 314°^ i.e. wave¬ 
length increasing with rising temperature. This shift corre¬ 
sponds to an average energy change of 

dEldT = - 2-7 X lO'-' eV/°C. 

* The transmission at io8[i is given as 45 per cent in Smitlisonian Tables. 
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At Idwcr temperatures the shift was found to be somewhat 
smaller, being 144 cm^* for the temperature interval i7°G to 
i3o"C, or d^/d 7 " = — i-6 x 10 * eV/°C. 

Change of Refractive Index 

It will be shown later, when the data on activation energies are 
reviewed, that for the series diamond, silicon, germanium, the 
energy is approximately inversely proportional to the fourth 
power of the refractive index. Hence we may write E — Cn~^, 
where C is a constant, giving 

1 d£' _ 4 drt 

EdT~ ~~ ndT 

From Sella (see Mellor, 1924), the refractive index changes 
with temperature between 22°C and 93°C such that the 
average value of (i/«)dw/dT = 7*7 x io“®. Hence from this 
theory we would expect dEjdT = — 0-31/s X lO'*, which 
with E = 5-3 cV gives — 1*65 x io“ * cV/°C. 

Thus over similar temperature ranges (i.r. room temperature 
to loo^C) the tlieoretical and experimental figures for the 
shift of activation energy agree well in sign and magnitude. 
It should be pointed out that the precise agreement is 
Ibrtuitous, as the measurements of absorption shift for this 
small temperature range may well be in error by 10 per cent, 
furthermore, measurements of change of refractive index 
by Ramachandran (1947) are considerably less than those 
above, the mean \m1uc for the temperature range 20°C to 
130^0 being dnjdT = 13 x lO"® compared with Sella’s 
value of 18 X 10’®. Ramachandran’s measurements extend 
to 400^^0, so that the change in refractive index may be 
compared with the absorption shift over the full tempera¬ 
ture range covered by the absorption data i.r. 17° to 3i4°C. 
From the refractive index (4£/;i)d«/d7'= - 1-8 X io-^eV/°C. 
I his is still of the right order, but is too small by a factor of 

i'5 : I to account for the full absorption shift for this tempera¬ 
ture range. 

Calculations from Mobilities 

Iiom cc|uatioTis 56 and 57 the variation of the energy 
gap may be related to the mobilities. From equation 57, 
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assuming the efTective mass to be the free electron mass, 
^(]’2j'3/2 _ 7*2 X jo~^ Afu^lio when h is in cm“/V sec and 
C in eV. According to Shockley and Bardeen (1950), Mu-joj 
= 10*8 X 10+^2 e.g.s. units as deduced from compressibility 
data. Hence bC^ = 16 X 10^. Thus with 900 cm^/V sec, 
C, = 13 eV. For holes there are no reliable mobility data, 
but Shockley and Bardeen estimate Cl r>^ 45 eV, so that 
Q + Q-58 eV. 

For the temperature range 28°C to i05°C Krishnan (1946) 
measured the volume expansion by an x-ray method and 
found (i/F)d 7 /d 7 ' = 4*36 X iO“®. Hence for this tempera¬ 
ture range we have dEjdT —1-7 X iO“^ cV/°C. This value 
is again close to the measured absorption shift for the same 
temperature range. The data available to calculate the shift 
due to broadening of the allowed bands are unsatisfactory due 
to the uncertainty in Q, which is now squared in equation 55. 
The magnitude of the effect may well be of the same order as 
the lattice dilatation effect given above. The theory of the 
temperature shift in diamond, and the uncertainties in the 
data used, are discussed by Muto and Oyama (1951). 

It is interesting to note that the refractive index de¬ 
creases with increasing pressure (Ramachandran, i 947 ) 
Ramachandran and Radhakrishnan, 1952), thus showing 
that n decreases as the lattice contracts. From the calculations 
of the band structure of diamond by Kimball (see Figure i) it 
is clear that the energy gap increases as the lattice contracts. 
Thus the changes in n and E with compression are in the right 
directions to satisfy the relation E oc n~^. 

12.7. SUMMARY AND CONCLUSIONS 

Diamond is normally a good insulator, but becomes conducting 
at high temperatures, or when irradiated by ultra-violet 
radiation or bombarded by high energy electrons. From 
spectral sensitivity measurements, the optical activation energy 
is found to be 5*3 eV. Resistance-temperature measurements 
yield an energy value of 5*2 i 0'3 There is thus good 
agreement between the thermal and optical activation energies. 
A value of 850 cm^/V sec is found for the mobility of electrons 
in diamond at room temperature, increasing to 2,500 cm^/V sec 

105 



DIAMOND 


at liquid air temperatures. The mobility of the positive holes 
appears to be much less. 

The life-time of the current carriers is only about iO“®sec, the 
same value being obtained by different experimental methods. 
For 10^® trapping centres per cm^ as estimated by Chynoweth 
(1951) this would correspond to a recombination probability 
B ^ I0“® cm^/sec. Measurements of the temperature variation 
of the absorption edge show that the energy gap decreases with 
rising temperature with d£/dT = — i'6xiO“‘* eV/°C between 
room temperature and I30°C. This value is close to that 
predicted from the temperature variation of the refractive 
index, although there is some scatter in the various measure¬ 
ments reported for this latter quantity. 

The dielectric constant and the square of the refractive 
index extrapolated to long wavelengths agree to within 
I per cent, the value being = 5*67. 
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13 .I. GENERAL PROPERTIES 

Silicon crystallizes in the diamond lattice, with a lattice 
constant of 5*43 A (the inter-atomic distance being 2*35 A) and 
5*2 X 10^2 atoms/cm^. It has a high melting point, i,420°C. 

Relatively pure silicon, with an impurity content of one or 
two parts per 1,000, can be made by reduction of silicon 
tetrachloride with zinc. This material can then be further 
purified by melting in vacuo and re-crystallizing. In view of 
the high melting point, crucibles of beryllia or quartz are 
used, in conjunction with an alundum furnace. By slowly 
cooling the molten silicon down to room temperature good 
quality single crystals can be obtained. In order to obtain 
crystals with prescribed impurity contents, the requisite small 
quantities are added to the melt. By addition of boron or 
aluminium, />-type crystals can be made, whilst phosphorus or 
antimony are commonly used to give n-type material. 

The band structure has been worked out by Mullaney 

(^ 944 )> using the Wigner-Seitz method. The results obtained 

resmble those found previously for diamond, which are shown 
in Figure /. 

Although there was little reliable information on either the 
e ectncal or optical properties of silicon until recently, much 
research on this element has now been carried out—largely on 
Sing e crystals of known purity. Some of the properties of 
silicon have been reviewed by Boltaks {1950). 


I3«2. PHOTOCONDUCTIVITY 

Photoconductivity in silicon layers has been investigated by 

EAL alii (1946). The films were made by pyrolitic deposi- 
lon rom silicon tetrachloride vapour on to quartz or ceramic 
su aces. Photosensitive films of a few microns thickness were 
o tamed when a mixture of the vapour and hydrogen was 

107 



SILICON 


passed over such a surface at i,ooo to i,250^0. The magnitude 
of the photocffect was such that the layer conductivity increased 
by 10 to 20 times per lumen. 

'Ihe photocurrent was found to be proportional to the 
intensity of illumination over the range of intensities employed 
i.c. '-^12:1. When the cells were illuminated with inter¬ 
rupted radiation, the dark current, average photocurrent and 
peak photocurrent were all proportional to the applied electric 
held up to 250 V/cm. Above this field strength the currents 
increased less than proportionally. The response times of the 
cells were ^ 200 [ascc, the response to radiation chopped at 
720 c/s being about 60 per cent of the low frequency value. 
Heating the layers to red heat in air did not impair the 
room temperature photosensitivity, which was little affected 
by background illumination. 


Figure 21 . Photoconductivity in silicon 
{from Tkal el alii) 
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It is reported tliat both photoconductivc and photovoltaic 
cfi'ccts have been observed in single crystals (see Torrey and 
WiiiTMER, 1948), and that pliotoclfccts have been observed in 
siliconjunctions (sec Pearson and Bardeen, 1949), but 
no detailed measurements have yet been published. 

13.3. spectral sensitivity 

Results given by Teal el alii have been plotted in Figure 2/, 
using a logaritlimic scale to show more clearly the form of the 
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fall in sensitivity as the wavelength increases. It will be seen 
that the maximum sensitivity lies in the infra-red region near 
0‘9 (a; and that at wavelengths greater than i-o [a the points 
fit fairly well on straight lines, indicating exponential falls of 
sensitivity with wavelength, as is found for most of the elements. 
The threshold wavelengths lie at Aj= 1*05 (a and I’IO[a for 
the two curves. Hence the optical activation energy is i*i2 
to i-i8 eV. 

13.4. CONDUCTIVITY AND HALL EFFECT 

MEASUREMENTS 

Extensive measurements on single crystals, of both Hall effect 
and conductivity, over a wide temperature range have been 
reported by Pearson and Bardeen (1949). For samples of 
highest purity the resistance was 30 Qcm at room tempera¬ 
ture. This was reduced by a factor of 10® by the addition of 
I per cent of boron. A resistance of 30 f^cm would correspond 
to an impurity content of about i part in 10^. The purest 
samples were in the range of intrinsic conductivity above 
6oo°K, but with even 0*01 per cent of boron present it was 
necessary to exceed i,ooo°K before the intrinsic conductivity 
became comparable with the impurity conductivity. 

By suitable additions both /»-type and n-type crystals could 
be made. Phosphorus, for example, formed donor centres (the 
phosphorus atom having one more valence electron than 
silicon), while boron, having one less electron than silicon, 
gave acceptor centres. On studying the variation of lattice 
constant as the amount of boron impurity was increased, it 
was found that the lattice contracted. If the boron atoms were 
taking up interstitial positions, the lattice of course would 
expand. It was therefore concluded that the boron (whose 
atomic radius is less than that of silicon) was entering the 
lattice substitutionally. 

From the slopes of the Hall effect and conductivity tem¬ 
perature curves in the high temperature (intrinsic conductivity) 
region, these workers found the thermal activation energy to 
e 1*12 eV. Figure 22 shows some measurements of resistivity 
y Pearson (1947). Both pure and impure samples have the 
same conductivity at high temperatures (although differing 
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by 500 : I near room temperature), so that they must then be 
in the range of intrinsic conductivity. For the pure sample the 
experimental points lie on a straight line over a wide range of 
resistivities. The slope of the line gives an activation energy 
of 1*2 eV. Values of i*i2 eV and 1*14 eV were obtained by 
Teal et alii {1946) for pyrolytically deposited films, the purest 

of which had a specific conductivity of only 2 X 

at 30°C. The thermal and optical activation energies are thus 
almost identical. 


Figure 22 . Silicon resistivity 
{from Pearson) 
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From the Hall effect measurements of Pearson and 
Pardeen (1949) the mobility of the conduction electrons was 
300 cm scc“V^ cm“i at 300°C, and was found to follow a 
law for temperatures higher than this (where lattice 
scattering was predominant), in accordance with the theory 
of Seitz (1948). At lower temperatures, scattering by both 
ionized and neutral impurity centres becomes important. The 
mobility of the positive holes was J that of the electrons*. 

For the temperature range 100 to i,ooo°K Pearson and 
Bardeen found no discontinuities as reported in the early 
measurements of Koenigsberger and Schilling (1910). This 
is in accord with the results of Schulze (1930) who, from 
dilatometer studies, concluded that there were no phase 
transformations below i,ooo°C. 

♦ Haynes and Westphal (1952) now give bt = 1,200, Aa ^ 250 for drift 
inobililii's in silicon crs-stals. 
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The thermal activation energy found for boron impurity 
centres was o-o8 eV, when the density of centres was so dilute 
that there was no interaction between them. This may be 
compared with the theoretical energy value obtained from the 
Bohr formula for a hydrogen atom, scaled down to allow for 
the high dielectric constant of the bulk silicon. We have 

eV, which with e = 12 gives ^E = o-og eV, so 
that the experimental and theoretical values are in close 
agreement. The activation energy decreased as the impurity 
concentration increased, the decrease from the value at high 
dilution being roughly proportional to the cube root of the 
density of impurity centres, and hence to the average linear 
separation of the impurity atoms. Measurements on the effect 
of impurities on the resistance of silicon have also been 
reported by Stockman ( 1950 ). 

Photoconductivity arising from the impurity levels in silicon 
has not so far been reported, although data have been published 
on the absorption properties of donor and acceptor centres by 
Burstein et alii (1951). For energies near 0-05 eV [i.e. at 
velen^ ths ^ 20 (x) the absorption cross-section for the 
centres is found to be 3 x io“^®cm^. For comparison the 
area of a circle of radius e x Bohr radius = 7 A (see §9.1) 
would be 3*7 x 10-^^cm^. 

^3'5* OPTICAL PROPERTIES 

Refractive Index 

Precise measurements of the refractive index have recently 
been carried out in the infra-red region (where high purity 
silicon is transparent), using thin prisms of the material 
(Briggs, 1950). The results obtained are: 

Wavelength Mix l- 6 ix 2 * 0 (x 2 -Gtx 

Refractive Index 3-553 3-480 3-458 3-443 

From these figures the refractive index extrapolated to long 
wavelengths is «q= 3-43 and hence the dielectric constant is 
Wq = 11 *8. Briggs’ values are somewhat lower than those 
previously obtained by Ingersoll (1910) from reflection 
measurements with polarized light. According to Pfestorf 
(1926) the index reaches a maximum value of 4-6 at a 
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wavelength ^ 0*4 (x, and then falls rapidly with decreasing 
wavelength. 

Transmission and rejlection measurements 

Silicon absorbs strongly in the visible region of the spectrum, 
but very pure samples become transparent at wavelengths a 
little greater than i jx, even for a thickness of several mm (Fan 
and Becker, 1950; Hass and Scott, 1950; Cotton, 1950; see 
also Becker et alii^ 1952). Measurements of the transmission 
of single crystals showed a maximum near 1*2 (x. The minimum 
value of the absorption constant depends on the resistivity of 
the sample as follows: 

p = OUMQcm 007Ocm 0*5Ocm 30Ocm 

K = 00cm“‘ 12cm“* 0'3cm"‘ 0*01cm”‘ 

The last figure is obtained from measurements by Briggs 
(1950) on what is perhaps the purest silicon so far produced*. 
'Flic absorption constant is seen to decrease somewhat more 
rapidly than the conductivity decreases. 

For wavelengths below i*2tx the absorption constant rises 
very rapidly, increasing from 0*01 cm“^ at i*2 g to ioocm“^ 
at I'O g for the purest material. The latter wavelength is the 
shortest at which direct measurements of the absorption in 
single crystals have been carried out. From Pfestorf’s reflection 
measurements of the optical constants, there is a single absorp¬ 
tion band in the range o*2ix to i*0(x with a maximum absorp¬ 
tion constant > io®cm“F Such a high value shows that this 
must be the main lattice absorption. Figure 25 shows the 
absorption plotted over the wavelength range 0*25 ^x to 10 g, 
the absorption constant ranging over 8 decades for this 
spectral region. 

It is not possible to determine a specific absorption edge 
Irom this curve, but the absorption constant is changing most 
rapidly in the neighbourhood of i-i g. We may thus take the 
absorption edge as corresponding to a quantum energy of 
approximately 11 cV, which agrees with the values found for 
the activation energy by other means. The imaginary part of 

* Silicon with ri*sistivity as hiijh as 10,000 O cm has liowcvcr been prepared 
by luuiroii boinbardinciu (Lark-Horovuv., 1951). 



OPTICAL PROPERTIES 

the dielectric constant is plotted in Figure 23 as a broken line, 

from which maximum absorption is seen to occur at a wave¬ 
length of 0*36 [X. 

As given in § 3.3, it should be possible to calculate the value 
of the low frequency refractive index from the absorption 
curve, if this is known for all frequencies, the relation being 

V- 1 = - = fi^dA 

J TTV J 0 TtA 

The curve ^nkjirX is readily derived from Figure 2jy and with 
httle error it may be extrapolated to zero wavelength and the 



integration carried out graphically. The value obtained is 
I = 10*5, therefore 11*5. This figure is remarkably 

near to the experimental value obtained for the square of the 
refractive index at low frequencies. Silicon is one of the very 

P.E.—8 



SILICON 


few materials for which the optical properties have been 
measured in sufficient detail for this relation to be applied. 
The good agreement obtained shows that no important 
absorption bands exist in parts of the spectrum where measure¬ 
ments have not yet been made. 

As shown by Figure 2jy very pure silicon gives good trans¬ 
mission for wavelengths of at least lo^i, except for a small 
absorption band (of intensity about 5 cm-^) which always 
seems to occur near 9 jx. In view of its good transmission and 
high refractive index, silicon has been suggested as a useful 
optical material for the infra-red. Treuting (1951) has given 
design data for silicon-germanium achromatic lenses. 

For less pure samples the absorption at long wavelengths 
increases linearly with the concentration of holes in //-type 
samples, according to Briggs (1950). The absorption increases 
approximately as in accordance with the theoretical 
dependence given by equation 14, but the absolute magnitude 
is about ten times as great as the theory indicates. A more 
rigorous treatment of the theory outlined by Fan and Becker 
(1951) does little to improve the agreement, and the origin of 
the discrepancy is not yet known. 

Measurements at very long wavelengths have been made 
recently by Lord {1952) who finds good transmission from 
20 to 40 ji. Several small absorption bands are observed 
however, between 12 and 20 [x. The strongest of these bands, 
where A ~ 17 cm^*, lies at 16*5 (x. This wavelength corre¬ 
sponds to an energy of 0*075 which is very close to the 
value found for the thermal activation energy of //-type 
impurity centres. 

13.6. temperature dependence of 

ACTIVATION ENERGY 

Measurements by Becker and Fan (1949) show that the 

position of the absorption edge is temperature dependent, 

moving to longer wavelengths as the temperature is raised. 

101 wavelengths wlicrc the absorption constant is 80 cm“^ 
their curves give: 

77 "K lOo^K 295 ^K 

0 - 9381 X 0 - 978 IX i. 025 ix 
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i.e. a shift of 0-156 ^ for 4i6°C, or 4-5 x io-W/°C. The 
value obtained from curves by Fan and Becker (1950) is 
somewhat less, namely 3-5 x io-<eV/°C. This lower value is 
considered-by Fan and Becker (1951) to be more reliable. 

From measurements of conductivity and Hall effect in the 
range of intrinsic conductivity, Pearson and Bardeen (1949) 
conclude that the energy gap decreases with temperature to 
the extent of 3 x io-W/°C. According to Bardeen and 
Shockley (1950), measurements of the spectral shift of photo¬ 
conductivity in a p-n junction show an energy change from 
i-i eV at 77°K to i-oeV at 297°K f.e. about 4-5 x io-W/°C. 
Thus these different methods all give values in the range 

4 (± i) X io-W/°C for the temperature dependence of the 
energy gap. 

Calculations by Mullaney (1944) on the shapes of the 
energy bands indicate that there should be a fractional change 
of energy gap of ~ 10 times the dilatation. Taking the 
cubical expansion coefficient ~ lo-^*, this would give a 
shift ~ I x io-^eV/°C. Estimates by Holmes (1949) of the 
width of the forbidden zone for various internuclear spacings 
leads to a similar value. The effect of dilatation on the conduc¬ 
tivity of silicon has been investigated experimentally by 
Bridgman (1951), but no definite information about the 
energy shift has been obtained from the data as yet. 

Using the theory of Bardeen and Shockley (1950) for the 
energy shift with dilatation, we find from equation 57 that 
C, = 9-8 and Q = 17 for the mobility values used by Bardeen 
and Shockley, i.e, b, = 300 and = 100. With ^=4*15 x io“® 
equation 56 gives (df/dTj^ = — 2-2 X io-W/°C. Using 
the higher (drift) mobility values of b, = 1200, b^ = 250 
reduces the shift to —1-3 x lO"* eV/°C. Bardeen and 
Shockley point out that whereas the free electron mass {m) is 
probably a good approximation for m*, there is evidence that 
mjm,^ 1-5, so that a better estimate of the shift would be 
(dEjdT)^ = — 1-6 X io~^eV/°C. The contribution arising 
from broadening of the allowed levels given by equation 55 is 

* Accurate x-ray measurements of the linear expansion coefficient have now 
been i^de by ^raum^is and Aka (1952) who find ^ = 4.15 x to”* and hence 
the cubical coefncient is 12-5 X 


"5 



SILICON 


(d£'/d 7 ')i ^ — 3 5 X io“^eV/°C, with the parameters used 
by Fan (1950 and 1951). However Fan and Becker (1951) 
point out that this value should be halved because the silicon 
lattice has two atoms per unit cell. The calculated value is 
further reduced when the drift mobilities are used, being 
(dEldT)j^ = — 0‘9 X io“*eV/°C for mlm, — 1-5. The total 
calculated shift is therefore — 2-5 X io”'*eV/°G. In view of 
the uncertainty in the values of some of the parameters used, 
this value may be considered to be in good agreement with 
the experimental observations. 

13.7. SUMMARY AND CONCLUSIONS 

The purest silicon at present available is an intrinsic semi¬ 
conductor above 300®C; the conductivity at lower temperatures 
resulting from cither donor or acceptor impurity centres. The 
energy gap between the full and conduction bands is i'i2 to 
1*2 cV from thermal measurements and i*i2 to i*i8eV from 
photoconductivity measurements. There is thus very close 
agreement between the optical and thermal activation energies. 

Measurements of temperature dependence of absorption, of 
spectral sensitivity ofjunctions, and Hall effect measure¬ 
ments, all indicate a shift of this activation energy of 
dEjdT = — 4(il: i) X io’*cV/°C. This value is in accord 
with theoretical expectations. Briggs (1950) has observed that 
the refractive index of silicon increases with temperature. This 
is the direction of change indicated by the relation E oc 
which is discussed in §§9.3 and 23.4*. 

Higli purity silicon is transparent to wavelengths > i'2 in 
thicknesses of i cm or more. At long wavelengths the measured 
refractive index is 3*43, in agreement with the value calculated 
from tlie absorption data. 

* .Application of tlu' simple theory of §3.3 (equation 17) show’s that the 
refractive index is rcmghly proportional to the wavelength of peak absorption. 
Assuming tliat the absorption peak shifts to the same extent as the absorption 
edge {i.e. from 3-5 e\’ at room temperature to 3*6 c\’ at 77®K), then the refractive 
index at 77'‘K should be approximately 3*34. 'I'he calculated increase in due 
to this cooling is thus 10 per cc'ut, which compares well with the obscr\'cd 
increase in A'. 
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GERMANIUM 

14.I. GENERAL PROPERTIES 

Germanium crystallizes in the diamond lattice with a lattice 
constant a = 5*647A, and having 4*5 x 10^^ atoms/cm^. No 
transitions have been observed between 20®K and i,ioo°K, 
the latter temperature being not far below the melting point 
of 985°G. 

A great deal of experimental work has been carried out on 
germanium during the last ten years, and more is now known 
about its properties than about those of any other semi¬ 
conductor. 


14.2. PREPARATION 

Much of the success in the investigation of the properties of 
germanium has resulted from the preparation of extremely 
high purity material, and from the production of single crystals 
with known amounts of impurity. 

Two methods of obtaining pure germanium have been used 
commercially. The first is analogous to that described for 
production of silicon, namely the reduction of the tetra¬ 
chloride by zinc vapour. Silica reactors are used at tempera¬ 
tures between the boiling point of zinc and the melting point 
of germanium. Any excess zinc is removed by hydrochloric 
acid before final purification by vacuum melting. The second 
method is to reduce germanium oxide with hydrogen, again 
using silica furnaces. Samples with specific resistances as high 
as I to 10 D. cm* may be obtained by this process. 

Either of these methods is normally followed by purification 
by melting in a good vacuum, generally as part of the process 
of growing single crystals, with repeated crystallizations if 

* I pcm material corresponds to roughly one impurity atom per 10’ 
germanium atoms. 
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necessary. Various methods ol' cutting, polishing or etching 
specimens are used depending on the type of measurement to 
he carried out. Germanium wafers have been ground as thin as 
0-05 mm, and filaments only 0-2 X 0*2 mm^, several mm in 
length, have been cut from single crystals. 

Either/)-iypc or w-type germanium samples can be prepared 
by adding controlled amounts of impurities to the germanium 
melt before crystallization. Metals of group III of the periodic 
table produce /'-type samples, gallium being generally used. 
For w-type samples, elements of group V, particularly antimony, 
arc used. One interesting application of antimony as an 
impurity agent has been the use of the radio-active isotope of 
mass 124 as a tracer. Geiger counter measurements can then 
reveal the distribution ol the antimony throughout the ingots 
and crystals. Furthermore the method can be applied 
quantitatively to determine the impurity concentration even 
when it is as low as one atom per hundred million germanium 
atoms. Gonvcntional methods of chemical analysis would of 
couisc be quite inadequate to deal with such small concen- 
tiations. It has been shown by Pearson, Stuthers and 
Iheuerer (1950) that in samples with Sb^^i impurity, the 
number of conduction electrons found by Hall effect measure¬ 
ments equals tlie number of antimony atoms found from counter 
measuiemcnts within the accuracy of the experiments. Thus 
(at normal temperatures) each atom of antimony provides one 
lice electron. Curves showing the distribution of Sb^®"* 

impurities in typical melts have been given by Lark- 
Horovitz (1949). 

It is possible to convert one conductivity type into the other 
in a variety of ways. For example, «-type germanium, if of 
good purity initially {i,e. ^ cm) can be converted to 
Z^-type by heating to 850" to qoo^C for a few hours and then 
quenching. Fuller, Theuerer and van Roosbroeck (1952) 
showed that the equilibrium concentration of thermally 
produced acceptor centres varies exponentially with reciprocal 
tcinperature from 2 x io>6 per cm^ at qoo^G to 3 x lo^-* per cm^ 
at 6oo°G^ De Sorbo and Dunlap (1951) quenched in oil, 
whereas Theuerer and Scaff (195,) used air quenching. 
1 rolonged heating to 45o°C converts thc/i-type back into «-typl 
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Extensive measurements of the effects of bombardment by 
high energy electrons, alpha particles and neutrons have been 
carried out by Lark-Horovitz and his co-workers (see Lark- 
Horovitz, 1951, and Johnson and Lark-Horovitz, 1951). 
They found that slow neutron bombardment gave /^-type 
material. The neutrons cause actual transmutations of the 
germanium atoms into either gallium or arsenic, about three 
of the former being formed for each of the latter, so that the 
positive holes resulting from the gallium atoms predominate 
in spite of the higher mobility of the conduction electrons from 
the arsenic atoms. Fast electrons and a-particles were also 
found to convert «-type germanium into jf^-type. 

By the use of sharply defined beams of charged particles it 
is possible to produce localized p-n junctions in single crystals 
of germanium. A method of growing single crystals with 
internaljunctions has been described by Teal etalii (1951). 
These workers used a ‘ pulling technique * to form their single 
crystals i.e. a rod bearing a crystal fragment is allowed to make 
contact with the surface of the molten germanium and then 
slowly withdrawn. The germanium solidifies as it is withdrawn 
from the melt, and by suitably controlling the temperatures 
and rate of pulling, rods several inches long, which are single 
crystals, may be obtained. The p-n junction is produced by 
simply changing the constitution of the melt half-way through 
the pulling process by adding the relevant impurity agent. 
Starting with a ^-type melt for example, addition of the 
appropriate amount of antimony will give the p-n junction. 
By a logical extension of the technique, p-n~p transistors are 
made with a thin layer of n-type between two thick p-X.ypc 
sections, by the addition of sufficient gallium to convert the 
melt back to />-type as soon as the required thickness of w-layer 
has cr)^stallized. 


14.3. PHOTO-EFFECTS 

A variety of photo-effects have now been observed in ger¬ 
manium, including photoconductivity, photovoltaic effects at 
both p-n junctions and at metal contacts, and photo-transistor 

action. 
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Photoconductivity 


Measurements of photoconductivity in germanium have been 
described by Becker (1949) whose results for the spectral 
sensitivity of germanium have been replotted on a logarithmic 
scale in Figure 24. It will be seen that the sensitivity extends 
from the visible region to 2 fz, being about i per cent of its 
maximum at this latter wavelength. The fall in sensitivity at 
long wavelengths is approximately exponential. From the 
curve we find = 1-72 (z, equivalent to an optical activation 
energy of 0*72 cV. It will be seen that there is little fall in 
sensitivity at the shortest wavelengths measured although as 



Figure 24. Germanium photoconductivity 

[from Becker) 


shown by Figure 4 the absorption constant at 0-6 [z exceeds 
io^cm-K This supports the theory of §6.5 that the high 
diffusion constant of germanium is important in preventing a 
fall in sensitivity due to high recombination rates when the 
ladiation is absorbed in a thin surface layer. Skive (1949) 
has also described a photoconductivc cell of germanium where 
the spectral sensitivity was said to peak near 1-5 [z and fall 

rapidly for wavelengths greater than i-6 (z. These results arc 
clearly similar to those shown in Figure 24, 

Goucher (1950) has measured the quantum efficiency for 
photoconductivity in single crystals of «-typc germanium. 
Long rectangular specimens of uniform cross-sectional area 
and conductivity had part of their surface irradiated by mono¬ 
chromatic light of known wavelength. The number of incident 
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quanta was determined by use of a calibrated thermopile, and 
the number of absorbed quanta calculated therefrom by sub¬ 
tracting reflection and transmission losses. Care was taken to 
illuminate only the central part of the filament, sections 
greater in length than the mean range of the photo-electrons 
and photo-holes being un-illuminated, and to ensure that the 
conductivity of the illuminated portion was not increased 
sufficiently to produce any appreciable distortion of the field 
along the specimen. From the measured photoconductivity, 
knowledge of the specimen geometry and applied field, 
with values of mobilities determined by separated drift velocity 
experiments, the number of electron-hole pairs generated by 
the light could be calculated. For the range i ja to the 
threshold wavelength it was found that within the accuracy of 
the experiment lO per cent) each absorbed quantum 
produced one photo-electron and one photo-hole, thus 

establishing the principle of quantum equivalence for this 
material. 

The lifetime of the holes in the above specimen was 67 tx sec. 
As the material was n-type with a known resistivity, it is 
possible to calculate the recombination coefficient. Sample 
lesistivity = 5 Q cm = Hence with — 3,600 

~ 3*5 X lo^^/cm®. Hence = ijBn^ (see §6.1) gives 
= 4 X 10 “^^ cm^ sec“^. This value is an upper limit to 
as surface recombination effects have been ignored. 

Photovoltaic Effects 

Measurements on single crystal p-n junctions made by 
a-particle bombardment (see Lark-Horovitz, Bleuler, 
Davis and Tendam, 1948, or Lark-Horovitz, 1951) have 
been carried out by Becker and Fan (1949) and Fan and 
Becker (1950). The photovoltage under effectively open- 
circuit conditions was obtained by using an amplifier with an 
input resistance high compared with the barrier resistance. 
Measurements with increasing input resistance showed that 
the photovoltage increased steadily at first, but finally reached 
a saturation value. At liquid-air temperatures, 10® impedance 
was required to satisfy this condition. The photovoltage was 
measured over a range of intensities of 5 X 10® : i, the 
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increase being linear over the two lowest decades of intensity. 
Above this level the voltage increased progressively less rapidly 
than the intensity. As shown by Figure ii the results can be 
represented by the theoretical equation 52, = Vq log (i 

over the whole range of intensities. 

Working in the region of linear response the spectral 
sensitivity curves were measured at various temperatures. At 
room temperature the results were similar to those shown in 
Figure 24 although the fall at shorter wavelengths was some¬ 
what greater. From Fan and Becker’s published curves the 
threshold wavelengths arc : 

Temperature (°K) 100 210 293 

1-63 1-68 1-78 

Of these values the last is probably not so accurate as those at 
lower temperatures as the sensitivity was very low at 293°K. 
Taking the 210'^K point as representative, the optical activation 
energy is 0-73 eV, in close agreement with the photoconductivc 
value. 

The response time and sensitivity were also measured for 
the above temperatures, with the following results : 

Temperature (^K) 100 210 293 

Response Time ([xscc) 1500 130 <12 

Sensitivity {relative photovoltage) 2*5 X 10 * 7 X 10 * 30 

Both response time and sensitivity thus increase markedly on 
cooling. In the range of linear response equation 52 reduces 

€Vf, = kTSQ^ = where is the density of 

minority carriers. As will decrease on cooling, the 
sensitivity should increase more rapidly than the response 
lime, as is seen to be the case from the above figures. No change 
in T with wavelength occurred in the range 0*9 to i-8 fi. 

Photo-effects at a p~n junction have also been studied by 
Goucher et alii (1951) who measured the variation in photo- 
response as a function of the distance of the light spot from the 
junction. The results showed an exponential decrease with 
displacement on cither side of the junction. With allowance 
foi the finite width of the light spot used, the distances for a 
dccicasc to i/c can be found. The theoretical difiusion lengths 
in the material can be calculated from the difiusion constants 
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and time constants, the required relation being L = 

where D = bkTje, The experimentally observed and calculated 
lengths were: 



1 T 

; D 

1 

(Dt)^ 

% 

Expt 

n region 
p region 

56{isec 
52{xsec 1 

43 

90 

o* 5 mm 

0 ‘ 7 mnn 

o- 55 mm 

0 ‘ 75 mm 


The agreement is seen to be very good, showing that the 
effective range of the photoelectrons and photoholes in the 
absence of an applied field can be determined accurately from 
simple diffusion considerations. 

Longer response times than the above have been observed 
in very pure germanium samples. Teal et alii (1951) report 
values in excess of 600 sec at room temperature for their 
purest specimens. Taking these to be of resistivity ~ 20 D cm, 
the recombination constant becomes B ^ cm^ sec~^. 
This value is in accord with the estimate given by Shockley 
(1950) iO“i® cm^ for the capture cross-section. 

PiETENPOL (1951) has measured the sensitivity of a p-n 
junction, and found the quantum efficiency to be approxi¬ 
mately unity. The responsivity is very high, it being possible 
to produce 100 V of signal across a i MQ load with r /100 lumen 
of radiation from a source at 2,900°K. The current sensitivity 
(in (1 amp) for this source temperature was: 

Applied Volts Dark 0-03 Im 0-06 Im 
80 ^10 340 700 

2 <^10 310 620 

Rothlein (1951) has pointed out that surface p-n barriers give 
igh photovoltaic response, and that the sensitivity on a 
signal-noise basis is also good. For the spectral sensitivity, 
results similar to those of Becker and Fan (1950) were 

obtained. 

‘ types of photoeffect described as ‘ photodiode ’ and 

photopeak ’ have been found by Benzer (1946-7) at metal- 
germanium contacts. The behaviour is thought to be primarily 
etermined by surface barriers in the material rather than the 
actual metal-semiconductor junction. The photodiode is so 
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called because the current through the junction saturates 
easily in the easy flow direction, the current-voltage curve for 
the rectifier being reminiscent of a temperature-limited diode. 
This saturation current is found to be markedly light sensitive, 
the change in current being linear with illuminating intensity. 
Typical currents obtained with a unit biased at 2 volts are: 

Dark 0'3 0*6 0'9 Im/cm* 

2*8 6*6 8*4 11*4 m amp 

The quantum efficiency is 0*9 and the response time 
10'^ sec. Spectral sensitivity measurements show a maximum 
at 1-3 |x with rapidly falling sensitivity near i*6p. The 
saturation current varies exponentially with reciprocal tem¬ 
perature, giving an activation energy E = 0*7 to 0*8 eV. 

The photopeak effect occurs at junctions where the voltage 
which can be maintained in the forward direction is sharply 
peaked i.e. as the forward current is increased the voltage 
across the junction first increases and then decreases. The 
latter part of the characteristic therefore corresponds to a 
negative resistance. The value of the peak voltage is usually 
I to 2 V, although as much as 25 V occurs occasionally. The 
peak voltage decreases on illumination, the decrease being 
linear at low intensities. For a sensitive junction J Im/cm® is 
sufficient to remove the voltage peak almost entirely. Rothlein 
and Stahl (1950) and Stahl {1951) have suggested utilizing 
this device as a photoswitch or trigger photocell. If the cell is 
set with a positive bias somewhat below the peak voltage, 
the current passing will be very small. On illumination such 
that the peak voltage falls below the steady bias, the unit will 
be driven into the negative resistance region of the character¬ 
istic, and the current will increase until limited by external 
circuit resistances. Currents large enough to operate relays 
can easily be obtained in this condition. The rectifying 
property of the junction may be utilized to obtain tire bias 
from an ax. supply, in which case the unit is automatically 
restored to its operating condition when the illumination is 
removed. 

Benzer (1949) has tried to correlate the sensitivity of photo¬ 
voltaic junctions with the maximum back-voltage wliich the 
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unit can withstand. Over a range of > i,ooo : i, he found 
the photovoltaic short-circuit current to increase roughly as 
the cube of the maximum back voltage. 

The Phototransistor 

The amplifying properties of the transistor can be combined 
with the photosensitive properties of germanium to give a 
phototransistor (Shockley, 1950, Shockley, Sparks and 
Teal, 1951). In an n-p-n transistor for example, the photohole 
current produced in one of the n regions (near the p-n boundary) 
will be amplified so that the collector current is as much as a 
hundred times greater than the current corresponding to one 
photohole for each incident radiation quantum*. In similar 
measurements McKay (1951) has found an effective quantum 
efficiency of 60. Shive (1950-51) has described the con¬ 
struction and properties of a coaxial phototransistor. This 
consists of a germanium wafer which is concave on one surface, 
the central thickness being about 3 X io~® inch. On one side 
of this thin central part a pointed electrode makes contact. 
The sensitive area of the device is opposite this electrode on 
the other side of the wafer, its diameter being ^ 8 X iO“^inch. 
The sensitivity of the unit is 70 m amp/lm, the response time 
being such that there is little loss in signal with light modulated 
at 200 kc/s. The spectral response curve is similar to that of 
Figure 24. 

14.4. CONDUCTIVITY AND HALL EFFECT 

The first reliable measurements of the temperature dependence 
of resistivity of germanium were carried out by Bidwell (1922). 
These results received little attention at the time because 
there was no theory of semiconduction to use in interpreting 
them. However, when plotted in the now customary manner 
of log (resistance) against reciprocal temperature, the results 
fall on a straight line over most of the temperature range as 
shown by Figure 2^. From the slope of this line we find the 

* Shockley, Sparks and Teal (1951) give the apparent quantum efficiency^ 
V * where L is the diffusion distance for holes in the n region and e is the 

length of the p region. Now L* = Dr, where D = kTbhIe and x = Since 

then t) = i 0 ' 0 ${<Jg)^j<Xhl for B = as found^above. Hence 

Of 100, aA = I and / mm gives rj = too. 
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thermal activation energy to be 0*75 eV. At 550°C the value 
of the resistance from the graph is i-oQ, which, from the 
dimensions of the specimen used, represents a specific con¬ 
ductivity of ii -2n~*cm-h Putting a = exp {— El2kT) 
we find = 3 x cm-h This value emphasizes the 

very high mobilities found in germanium, and at the same 
time indicates that the conductivity must be intrinsic. 

Measurements by Bardeen and Brattain (1949) give 
almost identical results, namely an activation energy 
£' = o*75eV and = 3-3 x 10* H-i cm-^ while Lark- 
Horovitz et alii (1946) give £ = 0*76 eV, and Johnson and 
Fan (1950) find = 0*73 eV. Results given by Lark- 
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figure 2j. Germanium resistance {from Bidwell) 

Horovitz (1949) show that the purest samples of germanium 
are in the intrinsic range for temperatures above about 7o°C, 
tiic slope of the log (resistance) — ijT curve between this 
temperature and 65o°C giving an activation energy of 
0*75 cV. The room temperature resistivity of germanium 
with and without various concentrations of antimony impurity 

was : 


‘ Pure * 2*5 x 10“’ 2 x I0-* 

0-2 0-03 


atoms Sb/rt/om Ge 
0*008 Qcm. 


Dunlap {1950) has measured 
constants for liigh purity germanium 


conductivities and Hall 
crystals, mainly of/»-type. 




CONDUCTIVITY AND HALL EFFECT 

Samples were prepared by melting in vacuo and then annealing 

until the characteristics did not change on further annealing. 

The potential distribution along the samples was found to be 

linear over lengths of i cm or more, thus establishing the 

homogeneity of the material. The purest specimen had a 

lesistivity of 20 O cm, with a density of conducting holes of 

only lo^^/cm^. Variation of conductivity with temperature in 

the intrinsic range corresponded to activation energies of 

0*74 eV and 0-755 eV, a similar value resulting from the Hall 
effect measurements. 

For one /^-type specimen where the Hall coefficient at low 

temperatures indicated an impurity concentration of i-8 

X lo^^/cm^, the Hall coefficient reversed sign (i.e. passed 

thiough zero) at 344‘^K. A value for the activation energy 

may be obtained from this data by use of the formula for Hall 

coefficient given in Chapter 2. The required condition is given 

by equating the expression for the Hall coefficient in equation 5 

to zero i.e. n,b, 2 = 2 J3 density of intrinsic electrons 

and holes, then n,{by-jb,^-j) = i-8 x lo^^ Current 

estimates for the mobility ratio in germanium lie in the range 

* 5 ■ ^ Jo 2 : I, so we may take bJ^|bf^^ ~ 3 - Hence ;?, = 9 x lo^^ 

at 344 K. Putting Ui — 2 exp (— Ej^ikl ) where T (given by 

equation 2) has the value 3-9 x 10^®, gives £' = 0-75 eV. 

rom these various values the average thermal activation 
energy is 0-74 eV. 

Py extrapolating his intrinsic resistivity values to room 
temperature, Dunlap estimates the resistivity of ideally pure 
germanium to be ~ 70 D cm at 25°C. As the temperature is 
raised the conductivity increases until just below the melting 
point the resistivity is only 800 x io~® Q. cm, i.e, less than ten 
times that of bismuth or mercury. 

Impurity Conductivity 

^ Below room temperature all samples of germanium exhibit 
impurity conductivity. Measurements of Hall effect or con- 
uctivity by a number of workers all show very low values of 
activation energy. For temperatures above that of liquid air, 
EARsoN and Shockley (1947) found 0*007 For a similar 
emperature range Putley (1949) obtained values of 0-03 
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to 0 038 eV. Between 30°K and 78°K De Sorbo and Dunlap 
(*950 obtained a considerably higher figure, namely o*i2 eV, 
and 0-003 eV temperatures < 3o°K. Gerritsen (1949) 
extended the measurements down to i-6°K, finding the 
activation energy to be 0*0055 <^^* Hung and Gleissman 
(* 95 *^) found that for their purest samples the activation energy 
was approximately o*oi eV, with lower energies for the more 
impure crystals. Shockley (1950) takes the value to be 


0 04 eV. Dunlap (1952) gives 0*003 for indium impurity, 
and 0*03 eV for zinc, for the temperature range 14 to 
50°K. 


I'hcre is thus a wide variation in the reported values. The 
lowest figures may well result from reduction in the activation 
energy by interaction between impurity centres, as discussed 
jjrcviously for silicon, and as found experimentally by Hung 
and Gleissman. Also the high value of o-i2 cV found by 
De Sorbo and Dunlap is tliought to be due to lattice defects, 
iu>t simple substitutional impurities. The activation energy 
for this latter type of centre therefore probably lies in the range 
0*01 cV to 0*04 cV. I*or comparison with these figures, the 
Rydberg energy for the hydrogen atom scaled down in pro¬ 
portion to the square of the dielectric constant is 13*5/(16)2 

= 0 05 cV, assuming the effective mass to be that of a free 
electron. 


Tven these small activation energies give large variations in 
resistance at low enough temperatures. For example, Hung 
<uk 1 Gleissman (1950) found the resistivity of their purest 
specimen to be 3 x to’ H cm at 6°K, while Friedberg (1951) 


has shown that germanium with 


. - impurities per cm 

or indium makes an accurate resistance thermometer for 
temperatures between 2 and 4'^K. 


Mobility 

Various ciill'ercnt methods of measuring tire mobilities of botli 
electrons and positive holes in germanium have now been 
used. Most results have been deduced from Hall elTect and 
conductivity measurements. Early values given by B.vrdeen 
and Brattain (1949), which were ~ 1,000 cm^V sec, have 
lieen c.xcceded by a considerable Ihctor since purer crystals 
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have been obtainable. For their most recent Hall effect values, 
Haynes and Shockley (1951) give ^,==2,600 (±300)' 

= 1 , 7*^0 (+ 500 ~ 100) although Dunlap (1950) finds 
mobilities up to b, = 3,200 and = 2,300. Dunlap (1951) 
also observed some variation of the Hall coefficient with mag¬ 
netic field, and interpreted this as a dependence of mobility on 
magnetic field. Ringer and Welker (1948) investigated «-type 
samples with copper impurities (giving 10^^ to 10^2 conduction 
electrons/cm^) and found b, 2,000 for the purest crystals. 

Pearson, Struthers and Theuerer (1950) obtained a value 
for mobility purely from the conductivity of specimens con¬ 
taining radio-active antimony. The impurity concentration 
was found by Gieger counter measurements, and with the 
assumption of one conduction electron per antimony atom, 
the value b^ ^ 3,000 was obtained. 

Drift mobilities have been measured on germanium filaments 
for both electrons and holes by Shockley et alii (1949) and 
Haynes and Shockley (1951). They found b, = 3,600 and 

= 1,700. These latter results are quoted with a tolerance 
of only ± 5 per cent (for transit distances ~ i cm and times 
of 20 to 60 y. sec), so that they are probably the most accurate 
values available. Also, drift velocity mobilities are subject to 
less doubt in their interpretation than Hall effect mobilities. 
A less direct estimate of hole mobility of b^ = 1,600 is given 

by Moore and Herman (1951) from bombardment measure¬ 
ments on metal-germanium contacts. 

Extensive studies of the magneto-resistance effect in oriented 
single crystals of germanium have been reported by Pearson 
and SuHL (1951). From the theory of magneto-resistance 
given by equation 4 the mobility is proportional to {Aplp)^H-^ 
when the magnetic field H is perpendicular to the current, so 
that this quantity should be invariant with field. At 300®K 
this was found to be so for fields > 3,000 G. The mobility 
figures obtained were ~ 5,000 and 5,800. Thus 

although the mobility for electrons is only some 30 per cent 
above that found by drift measurements, the hole mobility 
is three times too big relative to the drift mobility. Similar 
values i.e. up to 5,400 were obtained by Estermann and 
Foner (195*^)* Pearson and Suhl consider that this discrepancy 
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is probably caused by non-spherical energy surfaces as discussed 
by Shockley (1950), 

A limiting value for the sum of the mobilities can be found 
from photoconductivity measurements. In barrier free con¬ 
ditions where there are no secondary photocurrents the 
quantum efficiency (?/) cannot exceed unity, so that by 
assuming 7^ — i a minimum value for + b,, is obtained. 
From Goucher’s (1950) results 5»30o ± 10 per cent. 

For vacuum evacuated germanium films, which are always 
/j-type, the mobility is only i to 50 cm^/V sec (Thornhill and 
Lark-Horovitz, 1951). These various mobility values are 
summarized in Table V: 


Table V 



Hall 

1 

Drift ' 

Conductivity 

1 

1 

Magneto- Films 

Photoconduc¬ 


1 

1 

, 1 


' res. 

1 i 

tivity 

b. 

2,300-3,200 

3,600 i200 1 

3,400 ±400 

1 

' ^5,000 — V 

Sum 

bn 

1,600-2,300 

i,700i 100 


^5,800 1-50 J 

< 3 . 300±500 


The mobility increases greatly on cooling, values up to 
lO^cm^/Vsec being obtained at liquid helium temperatures. 
According to the measurements of Pearson and Suhl (1951), 
Bardeen and Brattain (1949) and Torrey and Whitmer 
(1948), the mobility has a T~^^^ temperature dependence, in 
accordance with theoretical expectations. 

In high electric fields germanium no longer obeys Ohm’s 
law due to a falling-off in mobility. Ryder (1951) finds ohmic 
behaviour only up to 600 V/cm at room temperature, and to 
20oV/cm at liquid air temperature. At fields > io‘*V/cm 
the current saturates at a value which indicates that the 
electrons have a constant drift velocity ^ 10’ cm/sec. As this 
is the thermal velocity appropriate to a free dectron witli 
kinetic energy of kT^ the inference is that the random path 
followed by the electron in field-free conditions has been 
‘ straightened out ’ by the high field, so that the electron 
travels only in the direction of the field, and its drift velocity 
therefore approaches its actual speed. 
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14.5. TEMPERATURE DEPENDENCE OF ACTIVATION 

ENERGY 

There are now several ways in which the shift of activation 
energy with temperature has been measured: 

/ Spectral sensitivity curves — From the photovoltaic results of 
Becker and Fan (1950) there is a shift between ioo°K and 
21o°K of 0-023 ^^5 between 21o°K and 293°K of 0-041 eV. 

These figures, of which the first seems more reliable, correspond 
to dEjdT = — 2 X io~^ eV/°C, and — 5 X io“^ eV/°C. 
Bardeen and Shockley (1950) quote results deduced from 
photoconductive measurements in p-n junctions as giving 
approximately the same shift as for silicon, namely 4 
X 10-^tVrc. 

2 Absolute conductivity measurements — Assuming a linear varia¬ 
tion of activation energy i.e. E yT, the normal 

expression for conductivity becomes a = Hence 

by comparing the observed conductivity with the theoretical 
value of (7 q, the value of y can be found. Using the data of 
Bardeen and Brattain (1949), exp (—y/2/:) =3-6 and hence 
y = — 2*2 X lo-^eV/^'G, whilst Johnson and Fan (1950) 
give y == — i-i X 10"^ eV/°C. 

3 Change of resistance with pressure — An estimate of the con¬ 

tribution from the lattice dilatation alone may be obtained 
from this measurement. Putting r = r^exp {Ef^kT) we 
have drjrdp — 1/2^7“. The compressibility c — dVjVdp, and 
the coefficient of volume expansion 3/3 = dF/FdT", so that 
(d£'/d 7")2 = {drjrdp){3pjc) Q.kT, From measurements by 
Miller and Taylor (1949) the resistance increase with 
pressure was such that drjrdp = 4 X io-®/atm at 4o8°K. With 
c = 1*24 X 10“® (Bridgman, 1949), and 3/S = 23 x lo'®* 
(d£^/d7^2 — “ 0*5 eV/°C. A later result by 

Taylor (1950) is drjrdp = io“^/atm at 300°K and therefore 
(d£'/dT')2 = — 0*9 X 10“^ eV/°G. Resistance-pressure 
measurements on a junction have been reported by Hall et 
alii (1951). The junction measured was found to obey the 
theoretical rectifier formula///(, = exp {eVjkT) — i accurately, 

* A more accurate value has recently been obtained by Straumaris and Aka 
( 1952) by an x-ray method, namely ^ = 5*9 X lO"*. 
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and the pressure dependence was such that AIJIq = — 1-25 
per cent for 1,000 Ib/in^. As shown in §8.2, /jo is pro¬ 
portional to exp ( — EjkT) so that (A/o/Zq) / (AF/F) = 

- {^E|kT) ! {^V jV), Hence A£/(AF/F) = - 4*5 cV 
or (dZ:/d7')2 = - 10--* eV/°C. 

4 Shift of absorption edge — No specific figures have been 
published for this measurement, but Bardeen and Shockley 
(1950) state that it is about the same as for silicon i . e . '*^4 
X io“‘*eV/°C, while Fan (1950) states — 4*6 x io“‘*eV/°C. 

There is thus considerable scatter in the experimental 
values for the energy shift with temperature, average values 
being approximately (d£/d7')2 = — i X io“®, and (d£/d 7 ^i 
-f (d£/dT)2 = — 3 X 10“** eV/°C. For comparison with 
these figures, the calculated shift with dilatation deduced from 
equation 56 is given by Shockley and Bardeen {1950) as 
(d£/d7")2 = — 0*95 ^ 10“*, in good agreement with the 
experimental value. From equation 55 Fan (1950) calculates 
{dEjdT)-^ = — 0*25 X 10“*, giving a theoretical total of 

— 1*2 X io“*cV/°C, which is considerably less than the 
average experimental value. That this discrepancy may be 
the hiult of inadequate experimental data on effective masses, 
sound velocities and mobilities rather than the theory, has 
been emphasized by Muto and Oyama {1951). Fan and 
Becker (1951) have pointed out that taking m/m^ and m/m;, 
to be ~ 3 would increase both the calculated shift and the value 
obtained from the absolute conductivity to — 4 X lO-W/'^C, 
and thus remove the discrepancies. 

It is of interest to estimate on the basis of the above data 
what the energy shift would be if germanium were compressed 
until its lattice constant equalled that of silicon. ^Ve have 
VdEjdV = drjrdp ,2kTlCy which gives A£ — 4AF/F cV. From 
the lattice constants for silicon and germanium, AF/F = ii'7 
per cent, so that Af 0-47 eV. The activation energy of 
germanium would thus be increased from 0*74 eV to i*2 eV 
by this process, and would have a value near to that actually 
found for silicon. It therefore appeal's from these rough 
considerations that if germanium could be compressed to have 
the same atomic spacing as silicon, its electrical properties 
would become very similar to those of silicon. From the above 
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compressibility data, the estimated pressure required would 
be of the order of lo® atmospheres. Such pressures have been 
attained recently by Bridgman in some of his experiments. 

14.6. OPTICAL PROPERTIES 

Refractive Index 

Precise measurements have been made by Briggs (1950) in 
the infra-red region, using thin prisms of high purity 
germanium. The results obtained arc: 

Wavelength (ix) 1-8 2*0 2*2 2-4 2-6 

Refractive Index 4-143 4-116 4-092 4-078 4-068 

If these results are plotted on the basis of the dispersion formula, 
which may for simplicity be taken as equation 19, the points 
are found to lie well on a straight line. Extrapolating to zero 
frequency gives = 4*00, so that the dielectric constant is 
i6-o. These values are some 6 per cent lower than those 
previously found by Brattain and Briggs (1949) by inter¬ 
ference measurements on thin films, although the form of the 
dispersion curve is approximately the same. It is of interest 
to note that Lark-Horovitz (1942-45) had earlier estimated 
that the dielectric constant equalled 16, from considerations 
of the effect of impurity scattering on the mobility. Pearson 
et alii (1952) find from capacity measurements on junctions 
that € = 16*I. 

Accurate measurements of reflectivity have been carried 
out by Lark-Horovitz and Meissner (1949) at long wave¬ 
lengths where the germanium is known to be transparent. For 
the purest material, the value was constant at 37*2 per cent 
from 8*7 to 30 [x. From the Fresnel formula [n — i)/(« + 2) 
= (0-372)^, n =4*1. Briggs states that the refractive index 
increases with rising temperature, which is the direction which 
would be expected from the relation E oc n~^ discussed in §9.3. 

Absorption Data 

Transmission measurements have been carried out on samples 
of high purity germanium by Becker and Fan (1949), specimens 
up to 1*5 cm thick being used. For material of specific 
resistance 5 Q. cm, the absorption constant lies below o*i cm“^ 
over the range 2 to 9 jx. This value increases by 10 : i for 
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0*015 n cm niaterial. As shown by Figure the absorption 
rises rapidly in the region of 1*7 n, the threshold wavelength 
for photoconductivity. Between 1*9 y. and 1*6 [i, the absorption 
constant rises from < i cm“^ to 100 cm“^ This range of 
wavelengths includes the wavelength found from spectral 
sensitivity curves. 

From measurements on thin films (Brattain and Briggs, 
1949) the absorption is found to increase at shorter wave¬ 
lengths, until at 0*6 (a, where there is a maximum in the nk 
curve, the absorption constant is in the region of io®cm~*^. 
This is of magnitude to indicate a main lattice absorption, and 
hence the maximum of the photoconductive effect occurs on 
the long wavelength edge of the main absorption band. In the 
region 4 to 12 ^ the absorption increases roughly as the square 
of the wavelength, as expected from theoretical considerations 
(equation 15), although there is some discrepancy in the 
absolute magnitude of the absorption. According to Bardeen 
(1950) this discrepancy is mostly eliminated if second order 
transitions arc considered i.e. transitions where a carrier 
absorbs a photon and simultaneously absorbs or emits a 
phonon, transmission measurements by Lord (1952) show 
that for the wavelength range 12 to 40 (i, the main absorption 
band is at 330 cm“^, where the absorption constant is 
~20cm“*. ^This wavenumber corresponds to an energy of 
0*04 cV, which is in the range of impurity activation energies 
estimated by thermal measurements. 


14.7. summary and conclusions 

At temperatures slightly above room temperature, germanium 
may be made sufficiently pure to be an intrinsic semiconductor. 
Ihc width of the forbidden zone as determined by thermal 
measurements (Hall effect or conductivity) is 0*74 eV. 

Botii photoconductive and photovoltaic effects have been 
observed in germanium, the wavelengths of the maxima lying 
on the long wavelength edge of the main lattice absorption 
band. From the Aj values, the optical activation energy is 
found to be 0*72 to 0*73 eV. There is thus no significant 
difference in the thermal and optical activation energies for 
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this material. The energy gap decreases with rising tempera¬ 
ture to the extent of ~ 3 x io“^ eV/^^G. 

The current carriers have very high mobilities in germanium; 
values ~ 3,500 cm sec-^/V cm-^ being obtained for electrons, 
and about half this figure for positive holes. The refractive 
index is high, the value at long wavelengths, where 
germanium is highly transparent, being 4*0. 

The remarkable properties of germanium which have been 
discovered but recently, have already been utilized in a variety 
of ways—mainly for experimental purposes up to the present— 
of which the following may be mentioned: 

i Resistance thermometer at liquid helium temperatures. 
a Magnetic field measurement by Hall effect. 

Hi Diode detectors and mixers. 
iv Transistor amplifiers and oscillators. 

V Surge limiter and stabilizer using Zener currents. 

vi Optical filter, with cut-off ~ i*6 ja. 

vii Photoconductive and photovoltaic cells, or phototransistors. 
via Photo-triggering device. 

ix Counter for a particles. 

X Conducting transparent electrode for wavelengths > i*6(x. 

xi Lenses for infra-red use of very small f number. 

xii Delay line for short electrical pulses. 

xiii Possible source of monochromatic radiation at i'6 (i. 
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GREY TIN 

15.I. GENERAL PROPERTIES 

Tin occurs in two allotropic forms. The normal metallic, 

/3 form, is stable above 13*^0, but if cooled below this tempera- 
lure it is slowly converted into the grey, a form. Grey tin 
crystallizes in the diamond lattice with a lattice constant 
a ~ 6 49 A (Brownlee, 1950), from which the calculated 
density is 5*76 g/cm^. Little reliable information was avail¬ 
able on the electrical properties until measurements were 
described at the 1950 Reading Conference on Semiconductors. 
It had previously been established by Sharwin (1945) that 
grey tin was not a super-conductor in contrast to the metallic 
form, and Pauling (1948) had shown that metallic bonding 
would not be expected in grey tin. Blum and Goryunova 
(1950) had also concluded that it was a semiconductor. 

Photoconductivity has not so far been reported for grey tin, 
but in view of the close resemblance between its electrical 
properties and those of silicon and germanium, it is confidently 
expected that it will prove to be photoconductive. 

15.2. preparation of grey tin 

In order to transform pure / 3 -tin into a-tin, it is kept at a low 
temperature for a matter of days to months. The maximum 
rate of transition occurs near — 25*^0. It has been shown by 
Busch et alii (1950 and 1951) that the rate of transition can 
be increased by the addition of small amounts of aluminium, 
the optimum concentration being approximately o*i per cent. 
These workers used Speepure tin 0*005 per cent impurity) 
with and without known additions of aluminium. The tin was 
rolled into thin strips at a temperature of — 40°G and then 
stored in high vacuum at — 25°C for the period required to 
convert it to the a form. The progress of the transition was 
studied by x-ray photographs. 
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15.3. ELECTRICAL CONDUCTIVITY AND 

HALL EFFECT 

So far it has not been possible to produce crystals of grey tin, 
and normally it can only be obtained in powder form. Further¬ 
more it is not possible to compress the powder into pellets or 
rods because under pressure it reverts to the metallic form. 
Busch and his co-workers therefore adopted the procedure of 
measuring the conductivity by observing the increased damping 
of a tuned circuit when a core of the grey tin powder was 



1000/TX 

Figure 26, Conductivity of grey tin (Reproduced 
by kind permission of G. Bttsch and his co^ 

workers) 

placed inside the coil. Frequencies of i to 50 Mc/s were used 
for the measurements. In order to calibrate the system, the 
sample was finally allowed to revert to metallic tin and the 
damping again measured. If the factors for the tuned circuit 
alone, with / 3 -tin, and with a-tin cores are O'- respec¬ 

tively, it may readily be shown that gJo^= 

The results obtained for the conductivity from^jliquid air 
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temperatures to the transition temperature at I3°C are shown 
in Figure 26. At the highest temperatures the conductivities for 
all samples lie on the same curve, so that the common curve 
must be that for intrinsic conductivity. For the Specpure tin 
intrinsic conductivity extends down to about — ioo°C. From 
the slope of the curve the intrinsic activation energy is found 
to be approximately o*i eV. The fact that this value is so small 
explains why intrinsic conductivity can be observed at such 
very low temperatures. The absolute value of conductivity 
at o°C is estimated as 5,000 n“*cm“^. 

Kendall (1950) estimates the conductivity to be 
2,500 n”^cm“' at o°G from d.c. measurements on bulk 
samples. This worker transformed a large mass of Specpure tin 
into the grey form, and succeeded in finding small lumps which 
could be measured by pressing electrodes against them. The 
range of intrinsic Conductivity was found to extend down to 
about — i5o°G, and from the slope of the log a — ijT curve 
the activation energy was again found to be very close to 
0*1 cV. As the estimation of absolute conductivity is difficult 
by either method, the discrepancy of 2:1 is not surprising. 

Hall Effect Measurements 

To measure the Hall effect, Busch et alii used the same 
powdered material pressed lightly into a rectangular insulating 
box fitted with suitable probes and current electrodes. The 
contacts were found to be ohmic over the range of currents 
used, and the chief inaccuracy in the results was due to the 
difficulty of estimating the current density through the sample. 
The pure material was found to be an electron conductor 
throughout, whilst alloys with 0*05 per cent aluminium (or 
more) were hole conductors. For low concentrations of 
aluminium, the Hall voltage reversed in sign, showing that 
although at low temperatures the conductudty was mainly 
caused by positive holes, at the higher temperatures there was 
a sufficient number of intrinsic electrons for their higher 
mobility to dominate the Hall coefficient*. 

* For a sample with a low temperature Hall constant of i-8, the sign reversal 
occurrt'd at 190 K. This data can he used to estimate Uie activation energy as in 
§14 *4* laking —3, the calculated cnerg)’ is close to o*i eV# 

138 



ELECTRICAL CONDUCTIVITY AND HALL EFFECT 

The density of conduction electrons was very high, the 
Specpure material having at ioo°K, and almost 

io^®/cm^ at the transition temperature. There is thus con¬ 
siderable degeneracy at these higher temperatures. 

Mobility 

In view of the possible errors in the values of conductivity and 
Hall constant, Busch and his co-workers found it more accurate 
to determine the mobility by measurement of the magneto¬ 
resistance effect. To calculate the mobility it is only required 
to know the fractional change of resistance caused by the 
magnetic field, the absolute resistance being unimportant. 

Very high resistance changes were observed, an increase of 
as much as 3 : i occurring in a field of 20,000 G at liquid air 
temperatures. The fractional resistance change A/s/ya was 
found to be proportional to the square of the magnetic field 
at low field strengths in accord with theoretical expectations. 
Equation 4 was used to calculate the mobilities except that the 
numerical factor of 0*38 was replaced by the older theoretical 
figure of 0*27. The values obtained ranged from 3,000 cm^/V sec 
at the transition temperature to 30,000 cm^/V sec at ioo°K. 
The simple temperature dependence found for silicon 

and germanium does not seem to be obeyed by grey tin. 

Magnetic Susceptibility 

Busch and Mooser (1951) have measured the contribution of 
the free carriers to the magnetic susceptibility. A logarithmic 
plot of the susceptibility (which is proportional to the carrier 
concentration) as a function of the reciprocal temperature 
gives a straight line for the range ioo°K to the transition 
temperature. From the slope the activation energy is found 
to be 0*1 eV. 


15.4. CONCLUSIONS 

It is now established that grey tin is an intrinsic semi-conductor 
above I50°K for the highest purity obtainable. The activation 
energy has the very low value of 0*i eV. Figures for the 
absolute conductivity and for the mobility are subject to 
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inaccuracies because it has not yet been possible to prepare 
single crystals. 

Photoconductivity has not so far been observed in grey tin, 
largely because of the experimental difficulties in the produc¬ 
tion of suitable specimens—efforts to make evaporated films 
being unsuccessful. The most hopeful method of detecting a 
photo-effect would seem to be the investigation of metal- 
semiconductor contacts of the type used for silicon and 
germanium photodiodes. As a result of the very high con¬ 
centrations of intrinsic carriers in grey tin even at temperatures 
as low as that of liquid air, it will probably be necessary to 
work at liquid hydrogen temperatures to obtain appreciable 
photo-effects. 

It is presumed that under suitable conditions, grey tin would 
exhibit photoconductivity with a threshold wavelength in the 
region of 12 (i. 
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PHOSPHORUS 

l6.I. GENERAL PROPERTIES 

There is still considerable speculation as to how many of the 
forms in which phosphorus appears are true allotropic forms. 
The majority of workers favour reducing the number to three, 
namely; 

1 White or ‘ Yellow ’ Phosphorus 

2 Red or Violet Phosphorus 

3 Black Phosphorus 

Of these, the first is the ordinary so-called yellow phosphorus 
which melts at 44°C. In the purest state, and if kept in a dark 
room in absence of oxygen, this form is quite colourless (Wolf 
and Ristau, 1925). The yellow colour rapidly appears on 
exposure to light or x-rays, or on heating. According to 
Bridgman (1914 and 1916) yellow phosphorus itself consists of 
a and p modifications, with a transition temperature of — 77°C 
under a pressure of 11,000 Kg/cm^, the jS form being hexagonal 
while the ordinary, a form is cubic. Sugawara et alii (1949) 
report that the jS form is birefringent, and the a form isotropic. 

Yellow phosphorus may be converted to the red form by 
heating in the absence of air. Various workers quote different 
amounts of heating, but 24 hours at 240°C seems a fair 
average, and the change is said to proceed fairly rapidly at 
28o°G. When the reaction has gone to completion the product 
is violet phosphorus—samples of varying degrees of redness 
consisting of various mixtures of yellow and violet phosphorus. 
It is difficult to obtain pure red or violet phosphorus without 
any of the yellow form present. 

Black phosphorus was produced by Bridgman by heating 
yellow phosphorus to 2oo°G under a pressure of 13,000 Kg/cm^. 
This allotrope is semi-metallic in nature. 

The only measurements given in the literature for the 
conductivity of white phosphorus are those by Foussereau 
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(1883-5), found a specific resistance of 10^^ Qcm at u°G, 
and 3 X lo^'^/ncm at 34°G. No conductivity measurements 
for red phosphorus have been published, and there is no 
recorded information on photoconductivity in any of the 
allotropic forms. 

Measurements are now described on the conductivity of 
both white and red phosphorus, and of photoconductivity in 
the latter. 

16.2. EXPERIMENTAL DETAILS OF CONDUCTIVITY AND 

PHOTOCONDUCTIVITY MEASUREMENTS 

The main experimental interest was in red phosphorus, as this 
has the higher refractive index (see Retgers, 1893) and should 
be photoconductive at longer wavelengths. This means a 
lower activation energy, which might therefore be more easily 
determined from resistance-temperature measurements. Since 
white phosphorus melts at 44®C, and must have a high 
activation energy, as it only absorbs in the ultra-violet, it 
would be extremely difficult to measure it in the range of 
intrinsic conductivity. Also red or violet phosphorus is the 
form corresponding to the grey photoconductive form of 
arsenic (sec for example Partington, 1949), so that when 
comparing these two to sec the effect of position in the periodic 
table, it is the red form of phosphorus which should be con¬ 
sidered. In the experiments performed, no photoconductivity 
was ever found in ordinary white or yellow phosphorus. 
Irradiation by powerful ultra-violet sources was not tried, so 
it is still possible that yellow phosphorus would be photo- 
conductive under these conditions. 

Phosphorus is a difficult material to deal with experimentally 
for the following reasons: 

a Yellow phosphorus, which is the usual starting material, 
burns spontaneously in air, so that it is difficult to seal it into 
a cell and evacuate before much oxidation occurs. \Vhen 
baking to convert to the red form, it is necessary to heat above 
the boiling point in order to operate at an efficient transition 
temperature, and as phosphorus vapour ignites spontaneously 
on contact with air at this temperature, the risk of explosion 
has to be contended with. 
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b Yellow phosphorus has such a high vapour pressure that 
it is not possible to outgas at much above room temperature. 
Usually a temperature just above the melting point was used 
[i.e. ~ 50°C). Even prolonged pumping at room temperature 
is not possible, since in a good vacuum, a cubic centimetre of 
yellow phosphorus can be pumped away in a few hours. 

c The isolation of allotropic forms is difficult. 

d Both yellow and red phosphorus are near insulators, which 
increases the difficulties of carrying out electrical measurements. 
In order to plot spectral sensitivity curves it was often necessary 
to measure photocurrents little greater than iO“^^ amp. 

Because of the low conductivity of phosphorus, a high 
impedance current amplifier was used for measurements on the 
various experimental cells. This consisted of two valves designed 
to have very low grid currents, used in a balanced cathode 
follower circuit. The amplifier had a current gain of 3 X lo’*, 
so that when a sensitive galvanometer was used on the output, 
currents down to io“^^ amp could be measured. Voltages in 
the region 200 to 400 V were generally applied to the cells, so 
that measurements could be made of resistances > 10^® f}. 
The use of insulation was avoided wherever possible, paraffin 
wax being used when necessary. The apparatus—including 
cell and batteries—was screened, and a heater was provided 
inside the screening box to keep the surfaces dry. 

For photoconductivity measurements, the cells were mounted 
with the sensitive layer near a hole in the wall of the screening 
box, through which radiation could be directed on to the 
layer. The hole was covered by a glass plate to prevent 
draughts affecting the layer temperature, and by copper 
gauze, since the cell, being of such a high impedance, was very 
sensitive to electrostatic pick-up. The galvanometers used had 
fairly rapid response times, and measurements of photo¬ 
conductivity were made as quickly as possible in order to 
minimise thermal drifts. 

Cells were normally made in Pyrex envelopes fitted with 
tungsten electrodes which were glassed over a length of one or 
two inches external to the cell wall, to give better insulation. 
These leads were waxed after preparing the layers to reduce 
surface leakage currents. 
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16.3. RESISTIVITY OF YELLOW PHOSPHORUS 

Cell I 

The first cell was designed to measure the specific resistance of 
yellow or white phosphorus. It was fitted with two circular 
nickel electrodes of 2*3 cm diameter and 1*4 mm separation. 
The phosphorus was outgassed at 50°C, and after sealing- 
off the cell from the vacuum system the liquid phos¬ 
phorus was allowed to run between the plates and solidify. 
At i7°C, the layer resistance was 2*3 X lo^^Q, giving a 
resistivity p = 7 X lo^^f^cm. This is considered to be a 
representative value for the specific resistance of yellow 
{i.e. almost colourless) phosphorus. 

The only previous measurements which appear in the 
literature are those of Foussereau (1883 and 1885), who found 
a specific resistance of 8-4 X io*°fI at 15*^0. Foussereau’s 
measurement was not made in vacuo^ and it is thus likely that 
the value of resistance he found is much too low. Vacuum 
distillation of phosphorus to make it completely colourless 
might give an even higher resistivity than that found above. 

16.4. PHOTOCONDUCTIVITY IN RED PHOSPHORUS 

Cells 

Attempts were now made to form layers of yellow phosphorus, 
and convert them to red phosphorus by baking at temperatures 
near the boiling point i.e. 28o°C. A layer of yellow phos¬ 
phorus ~ I mm thick was formed in vacuo in a cell as illustrated 
in Figure /3c. This was then baked in the scaled-off state for 
I hour at 300°C. This procedure gave a hayer of a definite 
red colour. 

The layer dimensions were 9mm wide, i*i mm between 
electrodes, and i mm thick, so that the measured resistance of 
5 X 10^^ indicated a resistivity of 4 X lo^^Hcm. The 
layer showed considerable photosensitivity, the resistance 
falling by 20 times under the illumination from a 100 W 
lamp at a distance of 50 cm i.e. about 300 jjlW total radiation 
falling on the layer. The sensitivity to a.c. illumination at 
80 c/s was very poor (possibly due in part to the fact that tlie 
amplifier used was not suitable for use with such high 
impedance cells), and only d.c. measurements were carried out. 
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Spectral sensitivity — Although the photocurrents were very 
small, it was possible to plot spectral sensitivity curves for the 
cell over the wavelength range 0-38 to 12 jj., using a rock-salt 
prism monochromator. Readings were taken zero-signal-zero 
as quickly as possible to minimize changes due to thermal 
effects which were apparent in the long wavelength region 
where there was high energy falling on the cell but little 
photoconductivity. The results are plotted as the ratio (photo¬ 
current)/(incident intensity) in Figure pya. It will be seen that 
the sensitivity falls by almost one thousand times between the 
wavelength of maximum sensitivity at 0-4.ii, and i • i (x. 



Two bands of sensitivity are clearly indicated, and both 
have approximately exponential falls on the long wavelength 
side. The wavelengths of half maximum sensitivity are 
Aj= 0*48 \L and 0*79 fx, the corresponding energy figures 
being 2*6 and 1*56 eV. It would seem probable that the 
0*79 iJL band arises from the red phosphorus, while the 0*48 jx 
band is perhaps due to the yellow form. 

Photocurrent-intensity measurements — The photocurrent was 
measured as a function of the radiation incident on the layer. A 
tungsten lamp operating at its normal temperature of approxi¬ 
mately 2,500°G, was used as the source. The results obtained 
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are plotted on logarithmic scales in Figure 28, curve A, It will 
be seen that the points lie on a straight line of slope o*68; so 
that Signal cc (Power)®®®. According to the simple recom¬ 
bination theory of § 6. i, the relation should be Signal oc Power 
at low energy levels, and Signal oc (Power)* at high levels, 
with an appropriate transition region between the two. 

Further measurements were carried out using a sodium 
discharge lamp, to see whether the simple recombination 
relations would hold with monochromatic light. The results 
are shown in curve B of Figure 28. The graph is a straight line 
of slope very close to unity, thus showing that in this case the 
simple linear relation is obeyed. Presumably the relation 


Figure 28. Intensity dependence of 
photocurrent in phosphorus 


w" 10' 10^ 

Power 

would become a (Power)* law at sufficiently intense illu¬ 
mination, but there was no sign of this occurring within the 
range of intensities which could be used. On extrapolation to 
lower powers the two cur\'es would intersect at a level of 
0‘5 |i\V. For powers of this order a linear signal-intensity law 
would be expected even with the tungsten lamp source, but 
the sensitivity of the cell was inadequate to carry out measure¬ 
ments at such low levels. 

From the experiment using the sodium light, it is clear that 
the cell response is linear with intensity up to at least 100 tiAV 
incident on the layer. The response would be expected to 
follow a linear law at wavelengths longer than 0*589 (i, as the 
absorption constant for the material should decrease with 
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increasing wavelength, and the density of photoelectrons in 
the layer should therefore decrease. At shorter wavelengths 
however, the absorption constant would be expected to rise, 
giving a high density of photoelectrons in a thin surface layer. 
In view of the theory of Chapter 6, this would lead to a 
(Power)* law at much lower powers. 

Hence the spectral sensitivity curve Figure 2y7i is effectively 
an equal-intensity spectral sensitivity curve for long wave¬ 
lengths, but for short wavelengths it would be preferable to 
plot (photocurrent)/(Power)*. This curve is shown dotted in 
Figure ^ya. It will be observed that although this procedure 
alters the peak sensitivity considerably, it merely increases 
from 0-48 to 0*51. As the (Power)* law may only apply at 
wavelengths 0*589 [x, the true equal-energy curve will lie 
somewhere between the two shown, so that 0-51 |x> Aj>o*48 [i. 
This cell was baked for a further four hours at 300°C. 
The resulting layer was a very deep red colour—almost black—■ 
and showed greater photoconductivity. The resistance of the 
cell at i8°G corresponded to a specific resistance of 9 X lo^^ Q. 
i.e. about a quarter of its previous value. This would indicate 
that a greater proportion of the material had now been 
converted to red phosphorus, as confirmed by the colour of 
the layer-. The photosensitivity was such that 56 [xVV radiation 
from the sodium lamp incident on the layer gave a photocurrent 
of 3 X 10“^^ amp with 2,700 V/cm field. This is equivalent 
to a transfer of one electron fully across the layer per 10® 
incident quanta. 

The spectral sensitivity curve was measured again, with the 
results shown in Figure 27b. The two bands of sensitivity have 
become more clearly separated, there being a marked dip 
between them in the region of o*6 The threshold wave¬ 
lengths are found to be A^= 0-49 and 0-86 [x, so that there is 
some shift to longer wavelengths of the long wavelength band, 
presumably due to the greater proportion of red phosphorus 
present. 

The cell was baked for a further six hours at 300°G, and the 
spectral sensitivity measurements repeated. There was little 
change in the results, the new A^ values being o*86 (x and 
0*50 PL . 
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Cell 3 

'I his cell was again of the type shown in Figure 13c. A layer of 
yellow phosphorus was formed initially. Its resistance was 
6 X 10^^ for electrodes 9 x 1*2 mm'^ and layer thickness 
f5 mm, corresponding to a resistivity of 6 X 10^^ Qcm. The 
cell was baked for 30 minutes at 3io°C, after which the layer 
was a dark red colour. The spectral sensitivity curve had a 
maximum at 0 43 fx, where the sensitivity was 1,000 times 
greater than at i*i \i. The values were 0 50 |x and 0*83 [x. 


Cell 4 

A layer of yellow phospliorus was formed as before, and con¬ 
verted to a deep red colour by baking for five hours at 315^0. 
'J'hc resistance of the layer was 3*1 x 10** 12 in the dark, and 
about half this when illuminated by a 100 AV lamp held near 
to the layer. 

Spectral sensitivity measurements could only be extended 
over the wavelength range 0*6 to i*i (x, the results being shown 
in Figure 2yc. Only the long wavelength band of sensitivity 
therefore appears. However, had the sensitivity increased with 
decreasing wavelength as in earlier cells it would have been 
possible to extend the measurements to shorter wavelengths. 
AVc may therefore conclude that the short wavelength band 
of sensitivity is absent in this cell—or at least of relatively low 
intensity. From the cunx wc find A, = 0-85 p. 

Photocurrent-intensity relation — The results obtained for the 


intensity dependence of the photocurrent, using a tungsten lamp 
source, arc shown in Figure 28, curve C. Tiiis is the most 
rational signal-power curve obtained with any of the phos¬ 
phorus cells, as it show's clearly a region of photocurrent 
proportional to radiant energy at low' levels, and photocurrent 
proportional to (Power)* at high levels. The reason for this 
simplified behaviour is presumably the fact that only the long 
wavelength band of photoconductivity is present in this cell. 

J he arrow' in bigure 28 indicates the maximum photocurrent 
Irom the cell in the spectral sensitivity measurements, under 
the same conditions of temperature and applied voltage. As 
this is well within the linear range, the spectral sensitivity 
curve plotted can be taken as an equal-intensity curve. These 
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measurements add support to the suggestion made previously, 
that at wavelengths greater than that of sodium light the cell 
response would be linear for the range of energies used in the 
spectral sensitivity measurements. 

This cell was given a further baking of four hours at 3i5°C, 
and spectral sensitivity measurements repeated. The results 
are given by the broken curve in Figure syc. Again only the 
one band of sensitivity appears, with the slightly greater 
threshold wavelength of 0*89 p. 

Cell 5 

This cell was made by evaporation of violet phosphorus from 
a tungsten heater, in a cell blank as shown in Figure ija. It 
had previously been found impossible to evaporate violet 
phosphorus at temperatures below the softening point of Pyrex. 
Accordingly a small quartz crucible was made to hold the 
phosphorus, the crucible fitting closely into the tungsten heater. 
The cell and phosphorus were outgassed for some hours at 
250^0. This baking should also have removed any white 
phosphorus still present in the violet. In order to prevent the 
deposition of any white phosphorus that might be formed during 
the evaporation, the whole cell was maintained at 250°C, and 
pumped continuously throughout the evaporation. A clear 
yellow layer was formed. To verify that this was not due to the 
ordinary yellow-white phosphorus, the cell was baked at 320°C 
(i,e, well above the white phosphorus boiling point) for 
40 minutes. No perceptible change resulted. 

The cell was photosensitive. At 25°G the dark resistance 
was 2*5 X 10^^ Q, and when illuminated by a 100 W lamp 
held close to the cell it fell to 5*5 x 10^^ Q. Using a sensitive 
galvanometer in conjunction with the current amplifier it was 
possible to plot the spectral sensitivity curve over a wide range 
of sensitivity, as shown by Figure 2yd. For this cell only one 
band of sensitivity appears, the sensitivity falling roughly 
exponentially for A> 0-5 (i. The threshold wavelength Aj=o*55. 

Measurements of the dependence of the d.c. photocurrent 
on the incident energy were carried out using a tungsten lamp 
as source. The resulting points lay on a line of slope o*66 on a 
log-log plot for photocurrents between 5 X I0“^^ amp and 
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io-®amp. For the same range of photocurrents using a 
sodium lamp however, the points lay on a line of slope unity 
ov’cr almost the whole range. 

16.5. RESISTANCE-TEMPERATURE MEASUREMENTS 

Cell 5 

As this cell was stable at relatively high temperatures, it was 
possible to measure the resistance variation over several decades. 
Measurements, which were taken over the range 40°C to i6o°C, 
were quite repeatable. 


f > 



Figure 2g. Resistance of red phosphorus 


I'hc results arc plotted in Figure 2g (curve .^ 1 ), from which 
it may be seen that the points fall on a straight line over 
the whole range. The slope of the line indicates an activation 
energy of 1-5 cV. This is equivalent to the quantum energy 
at a wavelength of 0*83 /t, which is near to the threshold wave¬ 
lengths found for the ‘ red ’ phosphorus band of sensitivity in 
earlier cells. The band docs not appear in the spectral sensitivity 
curve of this cell, possibly because the concentration of levels 
with this activation energy is low compared with those of 
2-2 eV (0-55 (i), so that the eflcct is not observed in the photo¬ 
conductivity. However, even i per cent of levels of 1-5 eV 
would control the resistance-temperature curve for all tem¬ 
peratures up to about 1,7oo°C. Hence it would seem that both 
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Optical and thermal measurements ascribe an activation energy 
of approximately i ’5 eV to the red phosphorus. 

After the above measurements had been completed, the cell 
was baked for a further 24 hours at 28o°G. No appreciable 
change in the layer occurred, so that the material must be 
quite stable at this temperature. 

Cells 

This cell was again of the Dewar flask type. The layer was 
formed by evaporating violet phosphorus electrically, the cell 
being maintained at 270°C during the evaporation. A clear 
yellow film was again formed. The layer showed little sensi¬ 
tivity, and no photoconductive measurements were attempted, 
but measurements were carried out on the temperature 
dependence of the resistance. 

The results obtained are shown in Figure 2g, curve B, 
from which it will be seen that the plotted points lie on a 
straight line over a range of resistance of more than 100 : i. 
The slope of the line is o*8 eV, indicating a thermal activation 
energy of 1*6 eV. At 52°C, the lowest temperature point 
plotted, the resistance of the layer was 5*7 X 10“ D. With the 
thickness assumed to be 10 (i, this gives /> = 2*3 X 10® Dcm. 
Thus taking a ~ 10® exp (— Ej2kT) gives E = 1*58 eV, which 
is in agreement with the value obtained from the slope. 

Cell 2 

Over a small temperature range, resistance measurements gave 
an activation energy of 1*55 eV for this cell. 

16.6. TRANSMISSION MEASUREMENTS 

Bulk Sample 

The first set of transmission measurements were carried out on 
a sample of red phosphorus taken from cell 2 after the other 
measurements had .been completed. The material was ground 
down to a thickness of 0*3 mm, and lightly polished. Initially 
measurements were carried out using chopped radiation and a 
PbS cell as detector. This system gave good results at relatively 
long wavelengths, but when measuring the intense absorption 
found in the near visible region, trouble was encountered due to 
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scatter of long wavelength radiation in the spectrometer. By 
using water filters to cut out radiation of wavelength > i'3 [a, 
reasonable results could be obtained down to about 0*9 To 
carry the measurements to shorter wavelengths, a photocell of the 
Cs-Ag-O type was used as detector. Results were then obtained 
down to 0*7 [i, where the absorption approached 10^ : i. 

The results arc shown in Figure 30, where the curve A is 
drawn between the two sets of points measured with the two 
types of detector. At 0 9 y. the absorption deduced from the 
PbS cell results will be too small due to scatter of long wave¬ 
length radiation when the sample is in position, and similarly 
the absorption deduced from the photocell measurements will 
be too great as a result of scatter of short wavelength light with 
the sample out. 

The absorption value found in the 2 [a region is ^5:1, 
but this includes reflection losses at both surfaces of the sample. 
This result is in accord with the observations of Coblentz 
(1908) that there is little absorption between i and 8 jx. At 
0*7 ft the absorption constant is 400 cm"^, which is still far 
below the normal values for the centre of a main lattice 
absorption band. 

Aleasuremenls on an Evaporated Layer 

'J’his layer was of the yellow type obtained by evaporation of 
violet phosphorus on to a hot substrate. It Nvas stable at goo^C. 
As the layer was much thinner than the plate previously 
measured, results were obtained at shorter wavelengths. A 
Cs-Ag-O pliotoccll was used for the range 0*34 jx to i*i 
However, at shorter \vavclcngths, scatter was again intro¬ 
ducing inaccuracies, and accordingly a Cs-Sb photocell was 
used for the region 0-48 to o-6 (x. 'I'hc measured absorption is 
shown in Figure 30, curve B, 

There are signs of two absorption bands. The main band 
lies beyond the short wave limit of measurements, while a 
slight hump in the 0*8 region indicates the presence ot a 
second band. 'I’hesc two bands are presumably related to the 
two bands of photoconductivity. The thickness of the film was 
determined by wcighiitg, the value obtained being approxi¬ 
mately 3 g. Hence at 0*48 [x, h' ^ 2 \ 10^ cm"h 
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16.7. REFRACTIVE INDEX AND DIELECTRIC CONSTANT 

Yellow Phosphorus 

The refractive index of yellow phosphorus is > 2, which is 
the criterion for photoconductivity. Precise measurements of 



Figure^0, Phosphorus absorption: A, 0*3 mm 

plate; 3 {a film 


the refractive index were carried out by Damien (1881), the 
results obtained being given in Table VI. 

Table VI 




o* 4342 tx 

0 - 4844 IX 

o-6566(x 

Density 

f 

29'2°G 

2-19885 

2-15831 

2-09300 

1-8244 

Solid < 

34 - 7 °C 

2-19748 

2-15766 

2-09154 

1-8209 

1 

37 - 5 °C 

2-19462 

2-15388 

2-08873 

1-8191 

Liquid 1 

37 - 5 °G 

2-15634 

2-11675 

2-05370 

1-7616 
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Plotting the values at 29*2^0 according to equation 19 the 
three points arc found to lie on a straight line, and by extra¬ 
polating to A = CO it is found that 4 ’ 094 - This value 
should equal the dielectric constant for low frequency fields, 
since the material is non-polar. According to Schlundt (1904) 
the value of the dielectric constant is 4-1, so that this element 
provides an excellent check on Maxwell’s theory. 

The measurements of variation of index with temperature 
arc the most comprehensive in the literature for a non-polar 
material with « > 2, and it is instructive to see if the material 
obeys the Lorentz-Lorenz formula: (n^—i)/(n2-|-2)x density. 
Differentiating gives = {(«2_j-2) [n^— i)/6n^} 8^, where 
g = density. 

The observed change in refractive index at 0-656 [x is 0*0043 
for the 29*2°C to 37*5°C range, compared with the calculated 
value of 0-0050, so the agreement is fairly good. For the much 
greater change of density on melting, the refractive index 
change is calculated to be 0-055. This is considerably larger 
than the observed change of 0 035. 

Red Phosphorus 

The dielectric constant was measured at radio frequencies, 
using a small condenser made from a piece of the bulk red 
phosphorus from cell 2. The material was ground down to 
0-27 mm thickness, and to a rectangular shape of area 17*7 mm^ 
Aquadag electrodes were painted over both surfaces and the 
capacity measured at frequencies of 100 kc/s and 400 kc/s by 
use of the tuned circuit and calibrated condenser in a standard 
Q, meter. The capacity at both frequencies was found to be 
3-9 |x(jtF. Hence € = 6-7, 

As the Maxwell relation //o“= e is found to be correct for 
yellow phosphorus, and should in fact hold for all monatomic 
solids, it is justifiable to put 6*7 for red phosphorus, 

giving 2-6. 

16.8. SUMMARY AND CONCLUSIONS 

Photoconductivity 

Photoconductivity lias now been observed in red phosphorus, 
but not in ordinary yellow phosphorus. The photocurrents 
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are small; in the region of io“^^ to io“^ amp. Two bands of 
photoconductivity appear, possibly pertaining to two allotropic 
forms. One band has its peak in the blue region, the other in 
the very near infra-red region of the spectrum. For the short 
wavelength band, the measured values are 0*48 y., 0-49 
0*50 [A, 0*50 [A and 0*55 ^a, giving an average of 0*50 ja or 
2-47 eV. The values found for the threshold wavelength for 
the red phosphorus band of sensitivity are, 0*79 (a, o*86 [a, 
0*86 (A, 0*83 tA, 0-85 lA and 0-89 [a, giving an average of 0 85 (a 
or 1*45 eV. 

The relation between the energy falling on the cell and 
photocurrent produced, though at first appearing complicated 
was found to be explicable on the basis of the recombination 
theory of photo-response. In particular, with monochromatic 
sodium light, all cells gave a linear response at low light levels, 
and some cells gave a (Power) ^ law at high levels. These 
simple laws were also obeyed by one cell with a white light 
source, this cell being unique in that it showed only the long 
wavelength band of photoconductivity. We may thus conclude 
that for A > 0*589 [x where the absorption is not very intense, 
linear response occurs for not too large intensities ; while in 
the short wavelength, high absorption region, a square root 
relation holds. For a white light source the result will in 
general be a compromise between the two. It may readily 
be verified that on a log-log plot of the simple function 
P \/P the points lie very close to a straight line of slope 
0*67 for I > P > 0*05, i.e, just the slope observed in many of 
the experiments with white light sources. 

Resistivity and Resistance-Temperature Measurements 
The specific resistance of yellow phosphorus was found to be 
7 X 10^^ Dcm. If we assume that this represents an intrinsic 
semiconductor, then we may put u = A where A is 

10^ for average mobilities. Hence P = 2*i eV. Thus the 
activation energy of yellow phosphorus must be at least 2*i eV 
—probably considerably more, depending on the extent to 
which the resistivity is determined by impurities. If we assume 
the measured conductivity is due to the presence of small 
amounts of red phosphorus with an activation energy of 
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1*5 eV, then the formula would give A ~ io“^. Comparison 
with the normal value of A would indicate about one part in 
10^ of red phosphorus present in the yellow phosphorus. 
The only value of specific resistance occurring in the literature 
is lO^^Qcm (Foussereau, 1883) which must therefore be 
regarded as far too low. 

It was found possible to perform resistance-temperature 
measurements on three samples of red phosphorus. The 
following activation energies were deduced: 1*51 eV, 1-55 eV 
and r6 cV, with average = 1-55 eV. Thus the optically and 
thermally determined activation energies lie in the same 
range, there being a discrepancy of < 7 per cent in the average 
values, and we may therefore conclude that for red phosphorus 
ihe activation energy lies near to 1*5 eV. 


Optical Properties 

Transmission measurements show that for evaporated layers 
the peak of the main absorption band lies below 0-54 ja, the 
limit ot the measurements at 0*48 giving an absorption 
coefficient of 2 x io‘*cm“fi The presence of a second absorp¬ 
tion band in the o-8 (a region is indicated. There is little 
absorption in red phosphorus for A > 2 ja. 

For yellow phosphorus the dielectric constant and the square 
ol the rclractive index are both very close to 4*1. For red 
phosphorus the dielectric constant was found to be 6*7, so that 
assuming that c - n^^- for this material also, wc have Hq = 2-6. 


Allotropic Forms 

With ordinary pale yellow phosphorus, no photoconductivity 
was found. Since this form may be prepared in the colourless 
state, it is clear tliat it can have no absorption bands in the 
visible, and hence photoconductivity can only occur in the 
ultra-violet. 1 he yellow coloration may be produced by 
heat or light, indicating that it is an allotropic form. 

Baking turns the layer dark red, almost black. It is suggested 
that the two bands ol photoconductivity observed arc due to 
two allotropic forms, the 0*85 ja band being clearly due to the 
red phosphorus. Ihe short wavelength band may be due to 
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the yellow form which appears in the otherwise colourless 
phosphorus. 

The presence of a new form of phosphorus is strongly indi¬ 
cated by the measurements on cells 5 and 6, where yellow 
layers were found to be stable at 320®C in a good vacuum. 
This allotrope is presumably formed to a small extent by light 
from colourless phosphorus (but not to a sufficient degree to 
give photoconductivity), and to a much greater extent by 
heating to 250 or 3oo°C. Most of the samples on which 
measurements were made would therefore consist of a mixture 
of red phosphorus and this yellow form, so that the measured 
value of the dielectric constant for example, would apply to 
a mixture of the two. 
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ARSENIC 

17. I. GENERAL PROPERTIES 

Arsenic occurs in several allotropic forms, of which the most 
stable form is the metallic one. This form occurs as rhombo- 
hedral crystals which arc isomorphous with metallic antimony 
and bismuth. Grey arsenic, which is the form of interest in 
the present work, may be formed by evaporation of metallic 
arsenic, providing the condensation is performed not much 
above room temperature. It is stable at moderate temperatures, 
but is converted into the metallic form by heating to about 
300°C (Mellor, 1929). It has a specific gravity of 4*64 
compared with 5*72 for the metallic variety. The relations 
between the allotropic forms of phosphorus, arsenic, and 
antimony have been discussed by Krebs (ipsO- Grey arsenic 
is considered to be isomorphous with red phosphorus and 
‘ black ’ antimony. Arsenic can be readily evaporated in vacuOy 
the metallic form having a vapour pressure of 6 mm Hg at 
400®G (Vallance, 1938). 

Few data arc available on the physical properties of grey 
arsenic, 'Fherc is doubt about its precise crystal form. There 
is little published information on optical properties, and 
photoconductivity has not previously been reported. 

Regarding the electrical conductivity, Apker and Taft 
(1949) quote the resistivity as ^ lo’Qcm. Frank (1912, see 
Mellor, 1929) observed that the conductivity increased 
rapidly with temperature in the neighbourhood of 200°C. 
Comprehensive measurements have now been carried out on 
both conductivity and photoconductivity in arsenic layers, and 
on the temperature dependence of these. The refractive index 
and optical absorption have also been measured, 

17.2. EXPERIMENTAL DETAILS 

All measurements were carried out on layers evaporated m 
vacuo on to glass substrates. Arsenic evaporates readily in vacuo 
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at temperatures much above 300°C. However the material 
was found to be peculiar in that it required a much lower 
condensation temperature than that at which it evaporated. It 
was found quite impossible to distil the material in an oven 
(in a continuously pumped cell) using local cooling by an air 
blast. Use of a Dewar flask type of cell with either air or 
water cooling of the inner part produced negligible conden¬ 
sation. After formation however, layers were found to be quite 
stable up to temperatures of 250^0 or more. Dewar flask type 
cells (as shown in Figure /3a) were used throughout, various 
techniques being employed to obtain the layers described. 

17.3. PHOTOCONDUCTIVITY MEASUREMENTS 

Cell I 

After outgassing the cell and the arsenic at 250^0, the material 
was evaporated by a blow torch on to the end of the inner part 
of the flask which was cooled by ice-water. Much of the 
material was lost, but some condensed on the electrode surface. 
The layer so formed had a grey, matt appearance, and showed 
a tendency to crack. 

The cell showed some photoconductivity, a decrease in 
resistance of 10 per cent occurring when a 100 W lamp was 
held near the cell. The resistance of the layer was very high 
at room temperature, being 750 MD for electrodes 30 mm 
wide and o*6 mm separation. These values indicate a specific 
resistance > 10® Dcm. When used under a.c. conditions the 
cell was found to be very noisy. With radiation interrupted 
at 80 c/s, using an amplifier of 16 c/s bandwidth, it was found 
that 160 [iW of radiation from a tungsten lamp were required 
to give signal = noise. 

Frequency response — The a.c. output from the cell was 
measured as a function of the chopping frequency, using a 
wide band amplifier and oscilloscope to observe the signals. 
It was found that the signal amplitude fell to half its low 
frequency value at an interruption frequency of 560 c/s. 
Consideration of the resulting waveforms shows that when 
the amplitude is half maximum, the duration of the square 
pulses of radiation are 1*45 t, where t is the response time. 
Hence t = 600 {xsec. 
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Speclral sensitivity — I'hc measurements were carried out on a 
rock-salt monochromator. As a result of the extremely low 
sensitivity of the layer very wide slits had to be used to obtain 
adequate signal to noise ratios, and hence the resolution of the 
instrument was poor, particularly as the dispersion of rock-salt 
is relatively low. However a rough spectral sensitivity curve 
was obtained, as shown in Figure 5/a*. 



Figure 5/. Speclral sensitivity curves for arsenic 

I'wo bands of sensitivity arc apparent. In order to find the 
optical activation energies, it is advisable to separate the 
observed results into the two component bands of sensitivity 
as shown by the broken lines. These curves were derived on 
the assumptions that both bands have the same exponential 
fall, and that at short wavelengths the second band will show 
roughly constant quantum efficiency. 

The threshold wavelengths arc found to be 1*2 (i for 
the main band, and i*8 \i for the secondary band. Due to the 
poor resolution used 0*3^1) the measured curve will be 
displaced towards long wavelengths, and the Aj values some¬ 
what too large. Howcx'cr the figures serve to show roughly 
the magnitudes of the activation energies. 

Cell 2 

This layer was made by evaporating arsenic from a tungsten 
spiral, after lengthy outgassing of the cell at 28o°C under a 

* .\ similar curve l»as already been published by the author (Moss l(> 49 )* 
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good vacuum. The evaporation was carried out quite rapidly 
with the electrode surface at the temperature of iced water. 
The layer so produced was of much better appearance than in 
cell I, being free from cracking and having a smooth surface 
with metallic sheen. 



Figure 32, Resistance of arsenic 

The resistance at room temperature was about 2,000 MQ, 
and the layer showed good photosensitivity. The resistance 
dropped by a factor of 2*5 with lO'^w of radiation from a 
tungsten watt lamp falling on the layer. The actual photo¬ 
current produced was 4 X 10“® amp with a field of 2,400 V/cm. 
The quantum efficiency must thus be very low, this current being 
equivalent to ^ lo”® electrons passing between the electrodes 
per incident quantum. 

The sensitivity of the cell was such that signal = noise in 
I c/s bandwidth at 80 c/s was obtained with an incident power 
of 3 X io~® W of monochromatic radiation of wavelength 

0*8 tA. 
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Dependence of photocurrent on field and intensity — The relation 
between the alternating signal voltage produced across the 
layer and the steady electric field applied to the cell was 
investigated, the results being shown in Figure 33, curve A. 
'I'hc signal is seen to be linear with applied voltage > 100 volts. 

The dependence of the ax. photocurrent on the incident 
intensity is shown by curve B of Figure It will be seen that 
the points lie on a straight line and that therefore the response 
is linear with intensity. 



Figure 33 , Photo-response in arsenic 
{Horizontal scales: A, volts; 5 , 
10 "^ watts) 


Spectral sensitivity measurements — Measurements of the spectral 
distribution of sensitivity were made using a lithium fluoride 
prism monochromator, with radiation chopped at 80 c/s. As 
a result of the higher sensitivity of the cell and the better 
dispersion of the lithium fluoride, measurements of much 
greater accuracy than those obtained with cell i were possible. 
The results with the layer at room temperature, for the 
range o.*55 to 2 p, are shown in curve A of Figure 

'I'hc maximum power falling on the cell at any wavelength 
was 300 [iW. Since the data obtained in the signal-intensity 
measurements show the relation to be linear up to at least 
5,000 fiW, the curve of signal per unit power is effectively an 
equal-intensity spectral sensitivity curve. It will be seen that 
the maximum lies in the 0 75 region, and that for A > 0*9 |x 
the sensitivity falls exponentially over a range of 500 : i in 
sensitivity. '1 he sensitivity falls to half maximum at Aj i tx. 
Only the one band oi sensitivity appears. 

'lo find out if this material showed any temperature 
dependence of the spectral sensitivity, the measurements were 
repeated at a higher temperature. Water inside the cell was 
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maintained at 95''C by an electric heater, the conditions of 
measurement being otherwise unchanged. The results obtained, 
as shown by Figure ^/b, curve B, are similar to those obtained 
at room temperature*. As read from the curves, the threshold 
wavelengths are 

292°K Aj=0-97tx 

SeS'^K Aj=l-00|x 

Thus for the temperature rise of 76"’C, there is an indicated 
shift to longer wavelengths of 0*03 jz. This shift is so small 
that the percentage accuracy is poor, but it serves to show the 
magnitude of the effect. In terms of energy, the shift is 
dEjdT rs./ — 5 X io-^cVj'"C. 

Cell 3 

In order to overcome the difficulty of losing the arsenic on 
evaporation, it was decided to try the effect of evaporation in 
a sealed-off cell, where the arsenic would perforce have to 
condense on the coolest part of the cell. The cell was outgassed 
briefly and sealed off whilst still hot. The inner part of the cell 
was then cooled quickly and the arsenic evaporated by a blow¬ 
torch flame. The resulting layer was of relatively low resistance 
i.e. lo** Q. 

Spectral sensitivity curve — The spectral distribution of sensitivity 
was measured using the LiF prism monochromator. The results 
were similar to those obtained for cell i, two bands of sensitivity 
appearing. As the long wavelength band did not occur in 
cell 2, its presence is attributed to impurities. The conditions 
of manufacture of this cell were such as to lead one to expect a 
relatively impure layer since there would inevitably be some 
liberation of gas on heating the cell during the evaporation, 
and as the cell was sealed off this gas would not be pumped 
away. Analysing the results into two bands of sensitivity, as 
in Figure gives Aj~ i*o8 and 1*7 (x. 

Cell 4 

For this cell a successful method of distilling the arsenic 
(without sealing off the cell) was evolved. A cell blank of the 

* Tlie absolute sensitivities are not to the same scale for curves A and B, 
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Dewar flask type was fitted with an additional tube surrounding 
the base of the cell. After an initial outgassing of the cell and 
contents, liquid nitrogen was poured into this outer tube, and 
the arsenic evaporated by a blow-torch flame. The material 
condensed on the cold area with little loss. This condensate 
was outgassed (with the pressure 5 X iO“’ mm Hg) at as 
high a temperature as possible without it evaporating, and was 
then distilled on to the front window of the cell. For this 
operation the window was cooled by a jet of liquid nitrogen 
while the cell was heated in the oven. After further baking, 
the layer was finally distilled on to the liquid nitrogen cooled 
electrode surface by a blow'-torch flame. A mirror-like film, of 
high resistance and good photosensitivity was obtained. 

Spectral serisitivit) —'I'he resulting spectral sensitivity curve 
ior the layer at room temperature is show'ii in Figure 5/c, 
curve A. 1 he impurity band of photoconductivity is hardly 
apparent, its presence being indicated only at the longest 
wavelengths. For the main band of sensitivity \= 1*04 p. 

The measurements were repeated with the layer at a tem¬ 
perature of i54°C, produced by electrically heating glycerol 
inside the cell, llte otlicr measuring conditions remaining 
unchanged. Fhc results arc shown on curve B of Figure j/c 
(on I 10 scale). From the Aj values at the two temperatures, 
it is found tliat there is a shilt ot 0*06 [a to longer wavelengths 
l(>r this temperature rise of i3f)''C. 1 he conditions of measure¬ 
ment were good, and the sliift is probablv not in error by 

^ cvrc 


5 


X 10 


more than _1 o-oi [i. Hence dF dT = 

(±*5 1 ^^ 11 X 111 ). 

Sigual-teiuperature relation —'Flic variation ot the a.c. photo- 
current ibr the temperature range — 78‘''C to 144^^ 
investigated, using monochromatic radiation at ro to 
pr{)duce the signal. AVithin this temperature range the cell 
resistance was always ^ to" H, and thus high compared with 
the load impedance of 1-3 MIL The results arc shown in 
Fiiiure •?./, liom which it will be seen that the sensitivity 
decreases with decreasing temperature. Below 30'C, the graph 
is a straight line, indicating an exponential variation ot signal 
with temperature. 

From a study ot the spectral sensitivity curves, the spectral 
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shift which would occur over this temperature range would 
not account for a variation in signal of more than 2 : i over 
the whole range; so the main cause of the effect must be 
sought elsewhere. 

Cells 

This cell was made in the same manner as cell 4. The layer 
resistance was 9 X 10® Q at 2i°Cj decreasing to 6-5 x 10® D 
under the illumination of a 100 W lamp. The spectral 
sensitivity was measured, using the lithium fluoride prism 


Figure 34. Temperature variation of 2^ 
photosensitivity of arsenic t 


Temperature *C 

monochromator. The results, plotted in Figure j/d show no 
indication of an impurity band, the sensitivity falling exponen¬ 
tially to the limit of measurements. The threshold wavelength 

is Aj= 1*04 (Jl. 

17.4. RESISTANCE-TEMPERATURE MEASUREMENTS 

Cell I 

The layer temperature was varied by the electrical heating of 
glycerine in the inner part of the cell. Repeatable values of 
resistance were obtained up to 240°C, at higher temperatures 
the resistance started to fluctuate—possibly as a result of 
evaporation of the layer. The curve of log (resistance) against 
reciprocal temperature is shown in Figure 32, curve A. For 
temperatures of 40°G to 200°G the points are well fitted by a 
Straight line of slope 0*57 eV—corresponding to an activation 
energy of 1*14 eV. At the lower temperature limit of the 
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measurements i.e, 40°C the layer resistance is 185 MQ. 
Assuming a layer thickness ^ i [x the resistivity p 10® ^cm. 

Putting Q = (To exp (— Ei^kT) we may find the value of 
(Tq preferably from measurements at high temperatures. At 
463°K the resistivity of ^ 1,200 Ocm, with E = 1*14 as found 
from the slope, gives 1,300 Q”'cm“^. This high value 
indicates intrinsic conductivity. 

Cell 2 

As before, the measurement was made by heating glycerine 
inside the cell. The results are shown in Figure 32, curve B, 
The points iall accurately on a straight line over the whole 
temperature range. The slope of the line is 0*60 eV, so that 
E = 1-20 cV. 

At the lower temperature end of the range, i.e. 75°C, the 
cell resistance was i*o x 10® 11 . The electrodes were 6 X i mm®. 
From the weight of arsenic used, and the layer area, the 
thickness would be approximately i ja. Hence p = 6 X 10^ Ocm 

at 75°C. 

Cell 4 

Measurements were taken between room temperature and 
i8o°Cl. The results are shown by curve C o{ Figure ^2. The 
points lie on a straight line for the whole range of 3,000 : i 
in resistance. From the slope we find the activation energy is 
I-21 cV. 

At the lower temperature end of the graph the layer resistance 
is 10*” 11 at 22‘^C. Fhe electrodes were 8 X 0*6 mm®, and as 
described later (in §17.5') the thickness of this film was found to 
be 0-28 [A. Hence the tesistivity is 4 x 10® 11 cm at 22*^0—the 
conductivity being inlrinsic at this temperature. Using this 
value in the ibrmula (t ~ gives E^ 1*14 cV. 

Alternatively at the high temperature end of the range, where 
p = 1,500 11cm at i79^Ts use of the formula a — 
with E~ 1*2 cV (as found from the optical and thermal 
measurements) gives = 2G0. 'Fhe relation CTq =4 X (mobility) 
leads to a mobility of approximately 65 cm sec'V^ cm“^ at 
room temperature. 
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17 . 5 . OPTICAL MEASUREMENTS 

Attempts were made to prepare a layer of arsenic on a plate 
of artificial sapphire in order to carry out measurements of the 
refractive index by observing interference fringes in the infra¬ 
red region where the material becomes transparent. Great 
difficulty was encountered in producing a film on the sapphire 
plate. The method finally adopted was to distil the arsenic 
in vacuo in the manner used for cells 4 and 5, and then seal off 
the tube containing the plate. Rapid heating of the whole 
evaporation tube by a blow torch caused the arsenic to con¬ 
dense on the sapphire, as (due to the poor heat conduction) 
this remained relatively cold. 

Refractive Index 

The refractive index was found by measurement of interference 
fringes. Using a rock-salt prism monochromator, fringes were 
observed in reflection between 3 and 8 ji. The recording 
system of this spectrometer was arranged to be linear in 
wave-numbers. 

Runs were made with and without the sample in, and the 
positions of the maxima and minima read off directly from the 
records. The values found were: 

Reflection minmOj 1,720, 2,530 and 3,290 cm"^ 

Reflection maxima^ 1,300, 2,120 and 2,900 cm"* 

Hence the average frequency separation of maxima and 
minima is 398 cm”’^. Thus (see Appendix) ^nd — 1/398 cm, or 
2nd = 12-5 (x. 

The thickness of the film was determined by weighing, 
using a semi-micro balance. The weight of the film was 
i'6i ibo*oo5 mg, and the area 2-083 cm^. The density of bulk 
grey arsenic given by Mellor (1929) is 4*64gm/cm^. For an 
evaporated film it will be somewhat less, probably within 
4*5 dt 2 per cent. Using this latter value, we find the film 
thickness to be 1*72 jx. 

From the approximate value of 2nd just given, the actual 
numbers of the fringes can be found. Use of the relation 
2nd = JVA then gives the results of Table VIL The main source 
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()t error in these incasurements is certainly in the estimation 
of the density of the film; the other errors should not total more 
than I per cent. From these results we may conclude that at 
long wavelengths, the refractive index is very near to = 3-35, 
or the dielectric constant equals 11-3. 


Tabu VII 


N 

cm ■ * 

X 

‘ind 

n 

1-5 

1,300 

7'7[A 

»J*55 

3*36 

2 

1,720 

582 

11*64 

3*39 

'2*5 

2,120 

4-72 

11 *80 

3'43 

3 

2,530 

3*95 

11-85 

3*45 

3-5 

2,900 

3*45 

1207 

3*50 

4 

3'29o 

3*04 

12*i6 

3*53 


The only measurement of refractive index of arsenic quoted 
in the literature gives ti — 3-6 in the o-6 g to 0-7 g region 
[Landolt-Bornstein Tahle<i, 19.27). As the original article could 
not be obtained, it is not known how the measurements were 
performed, and it is not even known what allotropic form of 
arsenic was used. 

Reflection measurements were also carried out on the layer 
of cell 4 after the outer part of the Dewar flask had been 
removed. A lithium fluoride prism monochromator was used 
with a lead sulpliidc cell detector of large area. This was 
advisable as tlie electrode surface of the cell on which the 
layer was deposited was not absolutely flat, so that a blurred 
image resulted from the reflection. For comparison purposes, 
an unpolished aluminium plate (which gave similar defocusing 
of the image) was used. Plotting the reflection ratio gave a 
curve with several well-defined interference fringes, with the 
following values of maxima and minima : 

Reflection niinima at 5,050, 0,300 cm“*. 

Reflection maxima at 7,300, 11,300 cm“h 

The frequency separations between maxima and minima are 
tlius 8/ “ 2,250, 2,000 and 2,000 cm~h 
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Using the long wavelength value of in order to be clear 
of the dispersion region, we find 2nd — 2-22 /a. Putting in the 
integral values of N in the formula 2nd = gives the results 
of Table VIII. From the previous measurements, the value of 
the refractive index at 2 is near to 3*6. Hence the thickness 
of the film is = 0*28 \i. This is the value used in the earlier 


Table VIII 



cm~^ 

A 

2 nd 

n 

1 

I 1 


' ^‘99y 


3-6 

**5 

7>300 

1-37 

2 * o6 

3 ’ 7 i 

2 

9 » 30 o 

I *08 

1 

a-16 

3-89 

2*5 

11,300 

0-89 

2*22 

400 


section to calculate the specific resistance, and it is used here 
to calculate the last column of Table VIII. The table shows 
that there is considerable dispersion in the region i n. 

Absorption 

The transmission of the layer on the sapphire plate was 
measured using a lithium fluoride prism monochromator, and a 
lead sulphide cell detector. The results are shown in Figure jj, 
curve A. The transmission fell to less than o* i per cent at 0*9 [a, 
while in the 2 ja region ^ 50 per cent transmission was 
obtained. As a large area detector was used, any possible 
distortion in the sapphire plate would have little effect on the 
signal, and so the insertion loss should result entirely from 
reflection and absorption. The measurements of refractive 
index show that the reflection at the arsenic surface should be 
~ 30 per cent, at the sapphire surface 8 per cent, and at the 
arsenic-sapphire surface ^12 per cent. The actual absorption 
in the film is therefore probably < 5 per cent at 2 ja. 

As the thickness of the film was found to be 1*72 y., then 
the absorption constant A" = 4 X lo^cm”^ at 0*93 y, and 
^120 cm-i at 2 tA. 

Using the same experimental arrangement as above, the 
transmission of the layer from cell 4 was measured. The results 
are shown in Figure curve B. At the minimum wavelength 
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of 0-65 the absorption was ~ 200 : i, corresponding to an 
absorption constant A" = 2 x lo^cm-i. This high value 
shows that the absorption is due to the main lattice. A com¬ 
parison of the absorption curve with the photoconductive 
curve shows that the peak of photoconductivity occurs on the 
long wavelength edge of the main absorption band. 



Figure 35. Absorption in arsenic: 
.1, 1-72 ; 5 , 0*28 |i thick. 


17.6. SUMMARY AND DISCUSSION 

Photocomluctivity 

The presence of photoconductivity has been established in 
evaporated layers of grey arsenic. The a.c. photocurrents were 
found to be proportional to the applied field (at least up to 
1,000 V/cin) and also to tlic intensity of radiation incident on 
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the layer. The a.c. sensitivity decreased by lOO : i on cooling 
from I50°C to — 8o®C. Limiting sensitivities were found to lie 
in the range 3 X io“® to 3 X io“® W for radiation of i wave¬ 
length. The response time of one cell was observed to be 
600 sec. 

Specific Resistance and Mobility 

The resistivity was found to be 4 x lo^ncm at 22°C, the 
conductivity being intrinsic. The mobility of the current carriers 
is ^ 60 cm sec~^/V cm~^. 

Optical Measurements 

Transmission measurements showed that at 0*65 /x, the absorp¬ 
tion constant K'> io*cm“^, indicating a main lattice ab¬ 
sorption. At longer wavelengths than this the absorption fell 
rapidly, until at 2 A* ^ 100 cm”L 

The refractive index at long wavelengths was found to be 
3*35, rising considerably in the region of i-o [i. 

Activation Energies 

From spectral sensitivity measurements on three cells which 
showed negligible signs of impurities, the threshold wavelengths 
were determined as Aj= i*o, 1*04 and i’04(i.. Hence the 
optical activation energy = 1*19 to 1*23 eV. From resistance- 
temperature measurements on three cells we find the thermal 
activation energy to be 1-14 to 1*21 eV. From the resistivity 
of cell 4, an estimate of 1*14 eV is obtained. There is thus very 
close agreement between the optical and thermal activation 
energies. 

Work by Apker and Taft (i949 ) see also Becker, 1949) 
the photoelectric properties of arsenic films furnishes an inde¬ 
pendent method of estimating the width of the energy gap. 
They find that the gap between the Fermi level and the top 
of the full band is 0*5 to 0*55 eV. It has been shown in the 
above resistance—temperature measurements that it is possible 
to prepare layers sufficiently pure for them to be in the range 
of intrinsic conductivity at room temperature. Assuming Apker 
and Taft’s layers to be of comparable purity, then the Fernn 
level must be approximately midway between the full and 


ARSENIC 


conduction bands, and the activation energy -- i or I'l eV. 
This is further confirmation of the magnitude of the activation 
energy, and that it is indeed the width of the forbidden zone. 
We may thus conclude that grey arsenic is an intrinsic semi¬ 
conductor at room temperature, with an activation energy of 

1*2 cV. 

From the temperature shift of the spectral sensitivity curves it 
is found that the above energy value decreases by 5 X lO”^ eV 
per rise in temperature. This shift is in the same direction 
L for all other elements on which measurements have now 

been made, with the exception of tellurium. 

In some cells an impurity band of photoconductivity was 
observed, with threshold wavelengths near i-8[x, giving an 
impurity activation energy '^0*7 eV. 
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l8.I. GENERAL PROPERTIES 

Little information is available concerning allotropic modi¬ 
fications of antimony, with the exception of the normal, 
metallic form. The existence of ‘ black ’ and explosive 
antimony has been suggested. The part of the periodic table 
shown in the Introduction to Part II of this volume shows that 
the elements on either side of antimony, namely tellurium and 
grey tin, are semiconductors. To preserve an ordered pro¬ 
gression in this table therefore requires the existence of a semi¬ 
conducting form of antimony. Furthermore, the activation 
energies are found to decrease progressively on passing from 
right to left of the table (see Chapter 23), so that the activation 
energy of antimony would be expected to lie between that of 
tellurium (o’37 eV) and grey tin (o*i eV). Semiconducting 
antimony might therefore be expected to be photoconductive 
at long wavelengths. Measurements are now described on 
layers of antimony which show semiconducting properties, 
and which are sensitive to radiation. 


18.2. preparation of layers 

By analogy with the method used to produce grey arsenic, the 
layers were made by distilling high purity antimony in vacuo 
on to cooled substrates. It was found necessary to cool the 
substrate with liquid air or solid carbon dioxide in order to 
obtain satisfactory layers. 

The layers were found to be stable only if kept at tempera¬ 
tures well below o°G. If allowed to warm to o°C the material 
rapidly reverted to the metallic form. To prevent this happen¬ 
ing, cells were stored in solid carbon dioxide. About twenty 
sensitive layers were made in all. Measurements are descri e 
on a few of these. 

Initially layers were prepared in cell blanks of the 
shown in Figure j^a, using ‘ bubble * windows of very t in 
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glass. Layers of thickness ^ i \i were found to have resistances 
~ 10® Q at liquid-air temperatures. 

18.3. resistance-temperature measurement 

In order to avoid warming the layer above the transition 
temperature, the following procedure was adopted. The cell, 
which had been kept at i95°K, had mercury cooled to — 30°G 
poured into the inner part of the Dewar. A thermo-junction 
was placed in the mercury which was then cooled with liquid 
nitrogen. Measurements were made as the layer warmed 
slowly towards room temperature. The results for cell i are 
shown in Figure 36, the readings being repeatable over the 
given range of temperatures. 


200r^ 
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Figure Resistance of antimony 

The points do not all fall on a straight line, but two lines 
may be drawai tluough the points to obtain an estimate of the 
activation energy. 'I'he straightest part of the curve occurs at 
low temperatures and gives an activation energy of 0*07 eV. 
'Die higli temperature line gives o*i 1 eV. These energy values 
would correspond to a photoconductive threshold wavelength 
()l n to 17 g. 
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At 200°K the layer resistance was 3,800 Q. Estimating the 
thickness as ^ (Jt, the specific resistance would be qQ. cm. Hence 
from CT =(Tq exp (— Ej^kT), we find <jq = 10 cm~\ taking 
E as 0*1 eV. This figure implies a mobility of 2 to 3 cm sec“^/V 
cm“^, which is not an unreasonable value for a film. 

18.4. EFFECT OF RADIATION 

Cell I 

The conductivity of this cell was found to be sensitive to 
radiation, and its spectral sensitivity curve was measured 
using radiation chopped at 33 c/s. The sensitivity was found 
to be roughly constant from i to 4 |x, with a sharp rise in the 
region of 5 ji. 

The response time of the layer was measured using a 
mechanically produced square pulse of radiation, and it 
was found that the signal rose to i-i/e of its full value in 
2 X 10"^ sec. The sensitivity decreased by 130: 1 on warming 
the layer from go^K to igs^K, using the same current through 
the layer in each case. For the same temperature range the 
resistance fell by 58 : i. 

Cell 2 

This cell was made in a soda-glass envelope, with a window of 
periclase [Le, MgO) sealed directly to the soda glass. Con¬ 
siderable difficulty was experienced in obtaining good layers 
in soda-glass cells, because if the final evaporation was carried 
out too slowly the layer backing became overheated, whereas 
if the cell blank was heated too quickly it was likely to crack. 

The cell showed reasonable sensitivity, and it was possible 
to measure the spectral sensitivity curve up to a wavelength of 
9*6 jA, at which point the absorption of the periclase window 
became serious. The resulting curve (for a layer temperature 
of 77 °^) is shown in Figure ^7, curve A, the results being 
corrected for the measured loss in the periclase window. 

It will be seen that the sensitivity falls slowly with increasing 
wavelength to a minimum at about 4 ii, after which it rises 
rapidly until at 8 [i it has increased by some 22 : i. From 8 (a 
onwards the sensitivity did not vary within the limits o 

measurement. 
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Cell j 

Attempts were made now to produce a cell with a window 
capable of transmitting to longer wavelengths, using KRS^ 
plates sealed on by vacuum wax. As this mode of sealing 
prevented any heating of the cell, the material had to be 
evaporated from an electrical heater built into the cell. The 
antimony was placed in a small silica crucible in a tungsten 
helix and evaporated on to an electrode surface cooled by 
solid carbon dioxide. 

Some resistance measurements were made, the following 
values being obtained: 77°K, 4iokn; 90°K, 2iokQ; i95°K, 
12 kQ. It was found possible to allow the layer to warm until 
the resistance was 3kf2, and it would still return to the value 
of 410 kn on recooling with liquid nitrogen. If the activation 
energy is calculated from the above figures (on the assumption 
that the log (rcsistancc)-rcciprocal temperature curve is linear 
between the measured points) the values obtained are: 

195‘=‘K to 90°K, E = 0-085 cV 
90°K to 77®K, E = O-OC eV. 

As the two values do not diH'cr greatly, the resistance- 
temperature graph cannot be very curved, and the above 
values should be a fair approximation to the actual activation 
energy. 

The response time was measured using a pulsed neon lamp 
as source. Tlie values obtained were: 


77“K, 720|zscc 
yO'^K, 720[iscc 
195®K, 550(isec 


The sensitivity ol this cell was not very high, but with care it 
was possible to make spectral sensitivity measurements at wave¬ 
lengths up to II (I, the results being shown by curve 5 , of 
Figure 57. A marked rise in sensitivity again occui*s in the 
5 to 9 (i region—the increase being 37 : i. There was no 
significant change of sensitivity in the 9 to 11 region. 


Cell ^ 

This cell was the most sensitive one made with a KRS^ 
window. For this reason careful measurements of the spectral 
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sensitivity were made at the longest possible wavelengths. The 
cell was found to be more sensitive (on a signal/noise basis) 
at I95°K than at liquid-air temperatures, and accordingly the 
measurements were carried out using solid carbon dioxide as 
coolant. 

The results are shown in Figure 37, curve C. The usual 
sharp rise in sensitivity is observed between 4 tx and 9 tx. For 
wavelengths greater than 9 ^x the sensitivity is practically 
constant, although it is possible that there is a significant fall 



Figure 37. Spectral sensitivity curves for 

cooled antimony layers 


at the longest wavelengths. If this fall is significant, it would 
indicate Aj 16 (x. In this wavelength region the rocksalt prism 
monochromator used was becoming inefficient and it would 
be necessary to use other prisms to extend the measurements 
to longer wavelengths. 

The response times of this layer were found to be: 

195°K, 900 [xsec 
90°K, 520ixsec 
77°K, 400txsec 


P.E.—12 
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The sensitivity was such that signal = noise in i c/s bandwidth 
was obtained with an incident energy of 2 X lO”*' W from a 
200®C source. 


18.5. OPTICAL PROPERTIES 

SuHRMANN and Berndt (1940) found that antimony layers 
condensed at liquid air temperatures had redection coefficients 
different from the normal metallic coefficients, and that the 
reflection changed irreversibly on warming to about 270 K. 
I hc reflection coefficients at 0*6 ji. at an angle of incidence of 
71° (for light parallel and perpendicular to the plane of 
incidence) were found to be 15 cent and 80 per cent 
before warming*, and 38 per cent and 90 per cent after 

warming. 


18.6. SUMMARY AND CONCLUSIONS 

Semiconducting layers sensitive to radiation have been pro¬ 
duced. The main point to be decided in the measurement of 
response of the layers to radiation is whether they are acting 
as photoconductors or as bolometers. From the sensitivities 
obtained cither mechanism would be feasible. Also response 
limes of i0“^ sec arc quite appropriate to thin layer backed 
bolometers. In general the response time of a pholoconductive 
layer would increase on cooling, while a bolometer time 
constant would decrease. The two sets of results obtained go 
in opposite directions, so no definite conclusion can be drawn 
from them. 

The spectral sensitivity curves obtained give the most 
interesting information on the properties ol the layers. The 
most marked feature is the rise in sensitivity of some 30 or 40 
times as the wavelength is increased from 4 (a to 9 (x. Pre¬ 
sumably a corresponding absorption band is implied, cither 
of an electronic nature giving rise to photoconductivity, or of 
a molecular nature resulting in a bolometric eflect. Beyond 
9 [1 the spectral sensitivity curves arc substantially fiat, although 
in the case of the longest wavelength measurements there is an 

* Analysis of this data by D. G. Avery gives n i-j, ~ 3‘3 ^ 

0*4H and h 4, A' - 5*6 X to* cm~* at 0*6g. 
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indication of a fall-off in sensitivity, but it is doubtful if the 
measurements are sufficiently accurate to be significant. 

Estimates of the activation energy obtained from resistance- 
temperature data lie in the range o*o6 to o*i i eV, which would 
correspond to a wavelength of 11 to i8 [a. Suhrmann and 
Berndt estimated the activation energy to be 0*055 
0*18 eV. The spectral sensitivity curves show that the threshold 
wavelength cannot be less than 16 (a, which would therefore 
not be inconsistent with the resistance-temperature measure¬ 
ments. 

The existence of a non-metallic form of antimony is estab¬ 
lished, the estimated values of activation energy ranging from 
0*06 to 0*18 eV. It has not been possible to observe a threshold 
wavelength in the spectral sensitivity curve, and at present it 
cannot be decided whether the sensitivity to radiation is a 
photoconductive or a bolometric effect. 


179 


19 


SULPHUR 

IQ. I. GENERAL PROPERTIES 

The ordinary (a) form of crystalline sulphur is of rhombic, 
octahedral form. The crystal structure is built up of puckered 
rings of Sg molecules, the spacing between atoms being 2-05 A. 
The relation of sulphur to oxygen, selenium and tellurium has 
been discussed by von Hippel (1948). This writei points out 
that as a consequence of the ring structure, positive holes 
should not be mobile. At ordinary temperatures sulphur is one 
of the best insulators known. 

19.2. PHOTOCONDUCTIVITY 

Photoconductivity has been observed by Pigulewsky (1912) 
and by Joffe (1928), the latter finding an increase of con¬ 
ductivity of as much as a million limes on illumination. 
Measurements of the variation of photocurrents with applied 
field and intensity have been made by Kurrelmeyer (1927). 
The currents observed, which were exceedingly small (the 
resistivity being > lo'** Q. cm in the dark), were measured by 
a string electrometer. The photocurrent was found to be 
directly proportional to the applied field from 20 to i5>ooo V/cm 
and proportional to the light intensity over a 100 : i range. 
Ihc photocurrents were found to reach full value in a time 
less than the response time of the electrometer i.e. <o*i sec. 
In Figure ^8, curve . 1 , Kurrclmeycr's spectral sensitivity 
measurements have been plotted on a semi-log scale. The 
shape is similar to that found for many other materials, having 
a long wavelength fall-oif that is roughly exponential. The 
Aj value is 0-51 g. Kurrelmeyer had to use very wide slits on 
his monochromator in order to get measurable photocurrents, 
tlie effective bandwidths being 15 mii at short wavelengths, 
and 80 my. at long wavelengths. These wide slits would have 
the effect of making the tail of the curve lie at too long wave- 
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lengths, so that the true value of should be somewhat less 
than 0*51 [Xj probably 0-49 or 0*50 ji. Hence the corresponding 
activation energy is 2*5 eV. 

Spectral measurements have also been carried out by 
Tartakovsky and Rekalova (1940). The results obtained by 
these workers for a specimen 5 mm thick are shown in curves 
B and C of Figure Curve C, taken at room temperature has 
Aj = 0*54 corresponding to an activation energy of 2-3 eV. 



Figure 38. Spectral sensitivity of sulphur 
(from Tartakovsky and Kurrel- 
meyer) 


A similar valTie has also been given by Kolomiets and Ryvkin 
(1947). The average energy value obtained from photo¬ 
conductivity measurements is therefore 2*4 eV approximately. 

Tartakovsky and Rekalova (1940) obtained curve B of 
Figure 38 for the spectral distribution of sensitivity at liquid-air 
temperature. The threshold wavelength is seen to move to 
shorter wavelengths on cooling, the shift being 30 mjx. Hence 
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the energy change is d£/dT = — 7-5 x I0“^ eV/°C. According 
to Fukuda (1921), the absorption edge for a sample 0*3 mm 
thick moves from 408 m(i at o°C to 458 m[i at 200°G. This 
represents an energy shift, dE/dT = — 16 X lO"^ eV/°C. 
This very high value of the spectral shift is probably related to 
the high thermal expansion of sulphur. The volume expansion 
coefficient is 224 x iO“®, so that for the above temperature 
rise of 200°C, the lattice dilatation is 4 per cent. The 
discrepancy between the two values for the shift may be 
partly due to the fact that the dilatation will be greater for 
200° of heating than for 200"^ of cooling. 



WOO/T 'K 


Figure jjp. Sulphur resistivity { from 
Foussf.reao) 


19 . 3 . RESISTANCE MEASUREMENTS 

'flic most comprehensive measurements of the variation of 
resistance with temperature arc those of Foussereau (1885). 
On plotting the values quoted by him as log (resistance) 
against reciprocal temperature, the graph of Figure 39 is 
obtained. Considering the difficulty of the measurements, the 
points lie lairly near to a straight line. The slope is 1*3 eV, 
so that thermal activation energy is 2-6 c\\ 

Measurements by Neumann {1927), performed in vacuOy give 
the resistivity ol crystalline sulphur as 2 X 10'® —2 X lo^^Qcm 
at i9°C, Using a mean value of 5 x 10^® Hem in the 
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formula a =gq exp (— Ej^kT) gives E — 2-5 eV for <7^ ^ 10'*. 
It may be noted than an error of 10 : i in the assumed value 
of Oq will only change £ by o* i eV. 


19.4. OPTICAL PROPERTIES 

For normal a-sulphur, the refractive indices for the three 
crystal directions given by Schrauf (1890) are shown in 
Table IX. If these results are plotted according to the dispersion 

Table IX 


Wavelength 


Refractive Indices 


3969 

1 

2-32967 

2-11721 

2-01704 

5270 

2-25875 

2-05443 

1-96425 

5893 

2-24052 

2-03832 

1*95047 

6869 

2-22145 

2-02098 

1*93851 


formula of equation 19 they are found to lie on a straight line. 
Extrapolating to zero frequency gives the following values for 
the refractive index: = 4*74, 3*93, 3*62. Measurements 

have also been made by Schmidt (see Mellor, 1930) from 
whose curves the refractive indices at infinite wavelength are 
estimated as 2*18, 1*99, 1-92; so that = 4*75, 3*95, 3*7. 

Now accurate measurements of the dielectric constant of 
crystalline sulphur have been made by Boltzmann (1874) who 
found for the three crystal directions: e =4-77, 3*97, 3-81. 
These values are thus very close to the values found from the 
extrapolated refractive indices—those for the first two crystal 
directions agreeing within i per cent. Thus sulphur obeys 
Maxwell’s law = c to a high degree of accuracy; so that 
the thermal and optical activation energies would be expected 
to be the same. 

Schrauf (1890) has also measured the temperature variation 
of the refractive index, finding a decrease of 0*25 per cent on 
heating from S°C to 30°C. This change is of the opposite sign 
to that which would be expected from the sign of the energy 
shift with temperature. 
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In the infra-red region of the spectrum, sulphur is trans¬ 
parent up to a wavelength of 120 n, except for a small absorp¬ 
tion band near 40 to 50 fx, where the absorption constant 
reaches 30 cm“**. 

19.3. SUMMARY AND CONCLUSIONS 

From measurements of photoconductivity and resistivity in 
sulphur the following estimations of the activation energy are 
obtained: 

i optically, 2*4 eV; 

a resistance-temperature, 2*6 cV; 

Hi specific resistance, 2*5 eV. 

The values arc sufficiently close—especially in view of the 
difficulties involved in carrying out measurements on such a 
high resistance material—for it to be concluded that there is 
no significant difference between the optical and thermal 
activation energies, the mean value being 2*5 eV. 

Putting a using Foussercau's value of resistivity 

at 375°K and the above value of£, gives cm“h 

I'his figure cannot be expected to be very accurate, but never¬ 
theless its high value is a strong indication that the conductivity 
is intrinsic. 

Thus sulphur, although one of the best known insulatoi*s, 

mav be described as a ‘ semiconductor' with an intrinsic 
/ 

activation energy of 2*5 eV. From Neumann’s results, it 
appears tliat the purest crystals arc in (or near) the intrinsic 
range of conductivity at room temperature, with a specific 
conductivity/^ 12 " * cni“h \\'ith £ =2-5 cV, the density 
of conduction electrons at 20 ^C 1 will be2-5 X 10'® 
or 6 X 10“^; i.e, there is only about one conduction 
electron per 130 cm^ of crystal. 


* See Smilhsonian Physical Tables Washington, 1933. 
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SELENIUM 

20 . 1 . GENERAL PROPERTIES 

Selenium occurs in three allotropic forms, all of which show 
photoconductive effects, namely: 

I Amorphous or vitreous selenium. 
s Crystalline red selenium. 

j Crystalline grey selenium, or hexagonal, metallic selenium. 
The red crystalline (mono-clinic) form consists of Scg rings, 
while the hexagonal form is made up of long parallel chains of 
selenium atoms. 

A vast amount of experimental work has been carried out 
on the photoconductivity of grey selenium, whereas little has 
been done with the other varieties. However, the results for 
these are more susceptible to interpretation, and will be 
considered first. 


20 . 2 . AMORPHOUS SELENIUM 

According to von Hippel (1948) both amorphous and liquid 
selenium have a random chain structure, with a few ring 
molecules present. The density is 4*26 (Barnard, 1930). 
Layers of this type of selenium can be produced by vacuum 
evaporation, or by rapid solidification of molten selenium. It 
converts to the metallic form on heating, the speed of trans¬ 
formation being greatly affected by the additions of impurities 
(Krebs, 1951). Amorphous selenium is a near insulator, and 
was for a long time regarded as not photoconductive. It is 
only in the past year or two that measurements on photo¬ 
conductivity have been reported. 

Resistance Measurements on Amorphous Selenium 
The resistivity of films (~o*i mm thick) of amorphous 
selenium at room temperature was found by Nasledov and 
Malyshef (1946) to be r-^io^^Q.cm, A similar value has 
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been quoted by ^VEIMER (1950). No measurements of the 
temperature dependence of the resistance appear in the litera¬ 
ture, but the following results have been obtained by the 
present author. 

A cell of the type shown in Figure ija was used, the electrode 
system consisting of a narrow gap in a graphite layer, of 
dimensions 50 X o-i mm^. Speepure selenium was distilled 
repeatedly in a good vacuum before depositing on the electrode 
surface. At iqX the resistance was found to be 8*7 X 10“ Q. 
Estimating the layer thickness as lOfi. from the amount of 
selenium used, the resistivity 5 x 10^1 Q cm. Glycerol 
was placed in the inner part of the cell and heated electrically 
to 6o°C—previous measurements having shown that at this 
temperature there was negligible change in properties as a 
result of conversion to the metallic form. However tempera¬ 
tures not much higher than this produced irreversible resist¬ 
ance changes. 


Figure 40. Resistance of amorphous 

selenium 


SJ J 5 

1000/I *K 



The resistance values obtained are shown by a log (resist- 
aiicc)-reciprocal temperature plot in Figure 40. To give an 
idea of the tolerance caused by the scatter of the points, two 
lines, ol slopes 0 85 and 0*90 c\' have been drawn. From the 
distribution ol the points about these lines it seems reasonable to 
conclude that the activation energy is approximately 1*7 eV. 
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From the resistivity of 5 X 10^^ Q. cm at i9°G, the formula 
a ~ CTq exp (— Ej^kT) gives £= 1*7 eV if is taken ~ 10^ 
as usual. As this value is near to that found from the slope, 
the conductivity must be of intrinsic magnitude. It should be 
noted however that from the low values of mobility reported 
for selenium, uq may be much less than this. 

Photoconductivity in Amorphous Selenium 

The cell described above was photosensitive, and spectral 
sensitivity measurements were carried out on it. A rock-salt 
prism monochromator was used, the d.c. photocurrent being 
measured under steady illumination. An electronic current 
amplifier and galvanometer were used to observe the currents, 
readings being taken as rapidly as the galvanometer response 
time I sec) would permit. 



Wavelength 

Figure 41. Spectral sensitivity curves for selenium 

The results obtained are shown in Figure 4i2iC\xrvc A. It will 
be seen that the main band of photoconductivity appears at 
very short wavelengths—the maximum lying near 0-44 u-, and 
the threshold at = 0*50 At wavelengths beyond 0*5 the 
sensitivity falls rapidly in an exponential manner over a range 
of 200 : I. At still longer wavelengths a second band of 
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sensitivity appears. Subtraction of the extrapolated edge of 
the main band serves to isolate this band, as shown by the 
broken curve. This long wavelength band, which occurs at a 
similar wavelength and has similar shape to the band measured 
by Gudden and Pohl (1925) in monoclinic selenium, has 

Aj ~ 0-8 |A. 

These measurements have been largely confirmed by recent 
results by AVeimer (1950) which give spectral sensitivity 
curves for films of red selenium. These results show a maximum 
at 0-45 y., and Aj = 0-5 y; but as the measurements extend 
only over a range of about 10 : i in sensitivity, there is no sign 
of the long wavelength band shown in curve A of Figure 4/a. 

More detailed measurements have been published by 
Weimer and Danforth-Cope {1951). ‘Sandwich’ layers 
5 to \oy thick were used, illumination being through a 
transparent electrode of a special form of conducting glass. 
The photoconductivity was observed by scanning the layer 
with an electron beam. The photocurrent was found to be 
carried mainly by positive holes, currents passing through 
the film when the thickness was several times as gi'cat as the 
penetration depth of the radiation. The mean range of the 
holes was found to be io“^cm in a field of 5 X lo^V/cm, 
compared with /^i0''*cm for electrons in the same field. 
Similar values for the range of holes and electrons have 
previously been observed by Pensak {1950) in measurements 
(jii bombardment currents in selenium layers. 

Response times were found to be < 50 [a sec, this being 
the limit of the measurements. At low levels of illumination 
the pholocurrent was proportional to the illuminating 
intensity. At high lc\cls, saturation occurred. At 20°C, 
photocurrents of i [a amp/cm- were obtained with 30 V 
applied to the layer, this current density fiilling by 15 : i 
on cooling to o°C. 

For the pure material, quantum cfTicicncics of unity were 
obtained over the wavelength range 3,200 to 4,600 A, but no 
values > I were observed. For layers with added impurities 
however, quantum cfiiciencics ^ i were found, together 
with the typical long response times associated with secondary 
photo-effects. Measurements of the spectral sensitivity 
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obtained by these workers have been plotted as curve B of 
Figure 41a.. From the curve = 0-51 jx, in good agreement 
with the figure given earlier. 

Gilleo (1951) has also reported photoconductivity in films 
of red amorphous selenium. The films were prepared by 
vacuum deposition on to quartz plates. Measurements of the 
spectral sensitivity were carried out with radiation interrupted 
at 60 c/s, using a high impedance, narrow band amplifier. 
For a thin layer (0*57 |x) at 22°G, the relative sensitivity was 
found to fall rapidly with increasing wavelength, becoming 
immeasurable at 5600 A. At — 172*^0 this limiting wave¬ 
length was reduced to 5000 A. As the measurements did not 
cover the maxima of sensitivity, precise values cannot be 
obtained from the curves. However, an estimate of the 
spectral shift is given by the results above, namely 600 A for 
194°C temperature change. Hence dJ^/dT;^—13 X io“^eV/°C. 

Absorption in Amorphous Selenium 

Gilleo (1951) has carried out extensive absorption measure¬ 
ments over a wide range of temperature, using evaporated 
films of thickness 0*03 (x to 98 (x. The thickness was determined 
by weighing. A quartz prism double monochromator was 
used, the resolution of wavelength and accuracy being such 
that the position of the absorption edge (at a given optical 
density) could be located within i 10 A. 

The results obtained for the absorption constant for the wave¬ 
length range 0*22 tx to 0*7 (x are shown in Figure 42. The 
absorption is seen to reach a maximum at about 0*26 [x, the 
value then being 5-4 x 10® cm”^. This magnitude shows that 
the absorption is in the main lattice. Soezima (1949) also found 
that maximum absorption occurred near 0*3 y. for films of 
unspecified thickness. At wavelengths > 0-55 (x the absorption 
falls rapidly. Also shown in Figure 42 are some values derived 
from a transmission curve given by Gebbie and Saker (1951). 
These measurements, which were taken on a layer (1-62 mm 
thick) formed by the rapid cooling of molten selenium, show 
that K \ cm“^ at 0*9 (x, with even smaller values occurring 
at longer wavelengths. The observed values of K thus cover a 
range of 10® : i. 
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Becker and Schafer (1944) have also carried out transmis¬ 
sion measurements on amorphous layers. For films 0*2 iz to 
22 y. thick their values of absorption constant range from 
2 X 10^ cm'* at 0-65 fx to 6*4 X io^cm“^ at 0*5511, the 
shortest wavelength measured. For this spectral region the 
results thus confirm those of Gilleo. Dowd (1951) measured 
amorphous films over the range 0*35 to 0*7 (x. As shown by 
Figure ^2 his results again lie very near to those of Gilleo, so 



P'igiire .j2. Absorption in selenium 


that this part oi tlic absorption curve can be regarded us well 
established. The absorption falls relatively slowly, vSO that the 
edge is not well defined. In germanium for example, A* 
decreases by 100 : i per o*i c\\ whereas for selenium the 


same fall recjuires 0*3 e\'. 


Also tlie rate of fall is roughly 


constant from 0*55 to o*8 jx. Nevertheless, Gilleo interprets his 
results as locating the absorption edge near 2*5 eV, and points 
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out that the Se-Se bond strength of 57 k cal/mole corresponds 
to approximately this energy. 

Becker and Schaper measured the temperature shift of the 
absorption edge for the range i50°C. For a layer 0*45 \x 
thick the wavelengths for 30 per cent transmission were: 

- 150 - 60 + 20 + 90 + 150®G 

570 583 593 601 608 mjx 

Hence for the whole range of temperature the average energy 
shift is dEldT= - 4-6 X 10-" eV/°C. 

Gilleo measured the absorption in a layer of thickness 98 [i 
between room temperature and liquid air temperature. The 
wavelengths for an absorption constant of 700 cm“^ were: 

298 262 228 199 163 125 86°K 

657 646 637 629 620 613 607 mti 

The average shift for this temperature range is therefore 
d£/dT= - 7.5 X io- 4 eV/°G. 

Monch (1939) measured the shift of the absorption edge of 
selenium layers formed by rapid cooling of the melt. The 
wavelength for a given absorption level was found to decrease 
from 670 m(ji at + 50^0 to 600 m[x at — 200°C. The corre¬ 
sponding energy shift is therefore dEldT= — 8-8 X lO”^ eV/°C. 
These values of dEjdT determined from the absorption shift 
should be more reliable than the rough estimate obtained 
from the photoconductivity data, the mean value being 
dEjdT = - 7 xio-^ eVre. 

20.3. MONOCLINIC RED SELENIUM 

This variety of selenium, which has a density of 4*46 gm/cm^, 
may be prepared by crystallization from solutions in carbon 
disulphide. The crystals are stable at room temperature, but 
convert to the metallic form if heated above ioo°C. 

The material is a near insulator. According to von Hippel 
(1948) the current should be carried primarily by electrons, 
the positive holes being immobile as they belong to closed 

ring molecules. 

Conductivity and Photoconductivity of Monoclinic Form 

Gudden and Pohl (Gudden, 1928) carried out an investigation 

of the primary photocurrent in this form of selenium. From 
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various curves published by these workers, it appears that at 
room temperature the resistivity p lO^^Ocm. Use of the 
formula for intrinsic conductivity a = exp (— El2kT), with 
cro~ 1,000 as is commonly observed, gives E = 2-i eV. 
However, present estimates of mobility in selenium are 
< I cm sec“^/V cm, so that ctq ^ i. This would reduce the 
estimated value of £ to i-y eV. 

Gudden and Pohl found that the photocurrent was directly 
proportional to the applied field for the range of measurements 
used i.e. up to 4,000 V/cm. Photocurrents were of the order 
10“^^ to 10“*^ amp. Furthermore the current was strictly 
proportional to the incident intensity, for powers up to 
10“^ \V/cm“. It was found necessary to use short illumination 
times {i.e. ~ i sec) to ensure that the rate of charge transfer 
across the crystal was constant. The spectral distribution of 
sensitivity is shown in Figure ^/b, curve A. The peak sensitivity 
lies at 0-7 |x i.e. at much longer wavelengths than for the 
amorplious films. The threshold wavelength of Aj = 0-78 
gives an optical activation energy of i-6 eV. On illuminating 
the crystal in a direction at right angles to that used above, a 
similar curve was obtained, but shifted slightly (by 0-02 [i) to 
shorter wavelengths. 

20.4. HEXAGONAL METALLIC SELENIUM 

The grey form of selenium is referred to as the metallic type 
because its conductivity is some 10^® times greater than the 
monoclinic form. However its conductivity is still a factor of 
io‘^ below that of a good metal, being 10° Hem at room 
temperature. 'J’his is the form of selenium which is used in 
practical selenium photocells, and for this reason it was for a 
long time the only form in which there was much experimental 
interest. It has a density of 4*8 g/cm^, and lattice constants 
^ — 4*355» = 1*365 (Straumaris, 1940). The lattice is 

built up of long spiral chains of atoms, with homopolar 
binding between adjacent atoms of the chains, and van der 
Waals forces between the chains. It is a highly anisotropic 
material, as shotvn by the fact that the thermal expansion 
coefficients arc of opposite signs for the difl'erent crystal 
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directions. Perpendicular to the c axis dLjLd'T = 74 X 
and parallel dLjLdT = — i8 x io~®. 

Conductivity in Metallic Selenium 

Muller (1938) measured the conductivity of small needle- 
shaped crystals and obtained p 10^ D cm at room tempera¬ 
ture. SCHWEICKERT (1950) found that by the addition of small 
quantities of halogens the resistivity could be raised to lo’ Q cm. 
Henisch and Saker (1952) found an increase in resistivity on 
adding mercury, but Afanasev (1950) found the conductivity 
increased if sulphur (up to 5 per cent) was added. The effects 
of small amounts of antimony and tellurium have been 
investigated by Kozlouski and Nasledov (1943). 

Marked anisotry in the conductivity is shown by the results 
of DE Boer (1947) who gives the resistivities parallel (||) and 
perpendicular (x) to the c axis as 2 to 5 X io‘*ncm and 
2 X 10® n cm respectively. The conductivity is thus greater 
along the chains of atoms. More extensive measurements have 
been carried out by Henkels (1949-50), who found the 
conductivity to be less anisotropic than given by dc Boer. At 
room temperature Henkels found || c axis, = i to2 X lO^Qcm, 
and c axis, /? = 5 X 10^ Q cm. The conductivity was found 
to increase on heating, the plot of log (resistance) against 
reciprocal temperature being fairly linear between room 
temperature and the melting point. The activation energy 
was 0*3 eV. No intrinsic conductivity is apparent, in fact 
measurements of thermoelectric power indicate that the carrier 
concentration (of positive holes) decreases on heating. Typical 
concentrations are 2 x at 3i5°K and 4 X lo^^/cm^ 

at 48 o°K for highly purified samples. The thermoelectric 


power is 

• A > 

not 

anisotropic, so that 

the anisotropy in the con- 

ductivity must lie in 
Henkels are: 

the mobility. 

Typical values found by 


r 

50°G 

100°G 

190°G 


n 

1-5 

1-0 

0'6 X io"/cm® 


l>\\c 

0-4 

1-0 

5 cm sec“VV cm“^ 


bl.c 

0-1 

0-3 

w 

1 cmsec"‘/V cm”‘ 


DE Boer (1947) also found an activation energy of 0*3 eV 1 
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to the c axis, but only for temperatures < 70*^0. At higher 
temperatures lie found an energy of i-6 cV. 

Singularly lew Hall constant measurements have been 
reported for selenium. Eckart and Kittel (1941) found a 
mobility i cm-/V .sec at room temperature. The only 
measurements over a range of temperatures arc those by 
Plessner (iQje)) found it impossible to obtain reliable 
results by eonvenlional d.c. methods, and adopted a method 
in which the magnetic field was alternating at 80 c/s. Direct 
current was passed through the specimen (as this was found 
to give lower luiisc than alternating current) and the 80 c/s 
Hall voltage amplified in a narrow band amplifier, and 
rectified in a phase sensitive detector. The sign of the Hall 
effect confirmed that the carriers were positive holes, and that 
the concentration did indeed decrease with rising temperature. 
7 hc figures obtained were: 


r 

4 U 0 

357 

294 ®K 

a 

1-3 

0-5 

0-27 X I 0 -“n-icm-i 

n 

0-8 

0-7 

1-1 X W * Jcm ^ 

b 

10 

0-4 

0-2 cm scc“*/V cm“‘ 


Over the temperature range 250®K to 500°K the conductivity 
for both crystal directions obeyed an exp (— Ei^kT) law with 
E -- 0*26 cW '1 he ratio a ' aj^was 10 ; i. 

Plessner concludes from these results that the conductivity 
is largely determined by internal barriers within the cr)'Stals, 
a conclusion whicli is supported by the non-ohmic behaviour 
of the crystals for field strengths of only a few V/cni. Billig 
(1952) postul.Ues that these barriers arc formed by gaps 
between the ends of long chains of atoms, the carriers having 
high mobility within any individual chain. The same reasoning 
would explain the low conductivity perpendicular to the 
chains relative to that along the chains. This worker also 
points out that while the spacing of atoms along tlic chain is 
(|uite definite, the spacing between chains is to some exteiU 
dependent on tlie previous treatment. This is presumably the 
explanation of the range of values {3 to 100) reported for 

a 

An extension ol this idea would attribute the insulating 
proj)erties of red selenium io the fact that in this form the 
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chains are closed into rings of only 8 atoms, so that the distance 
which an electron might travel freely would be strictly limited. 

Photoconductivity in Metallic Selenium 

Since photoconductivity was first reported in selenium almost 
6o years ago (Smith, 1873) a vast amount of research and 
development work has been carried out on cells made of this 
allotropic form. Most of the work has been on layers which 
have been given various baking or annealing treatments by 

the workers concerned, but there is also considerable data for 
single crystals. 

Spectral Sensitivity Measurements on Metallic Selenium 
Many spectral sensitivity curves have been presented by 
SiEG and Brown (1914, see also Hughes and DuBridge, 
1932, or Barnard, 1930). These results (of which a typical 
set are shown by curve C of Figure 4/b) are for single crystals 
grown from the vapour. They show peaks in the range 0-7 to 
o 8 fx, with Aj values between 0*76 and 0*83 jx. Measurements 
by the same workers (Brown and Sieg, 1914) for various com¬ 
mercial and experimental selenium cells show similar curves, 
with values in the range 0*76 to 0-84 jx. 

Both sets of curves show evidence of an additional maximum 
at short wavelengths for some of the samples measured. This 
rnaximum would perhaps correspond with the band of sensi¬ 
tivity found in evaporated amorphous layers, as shown by 
Figure 41a, For evaporated layers of metallic selenium jx 
thick, Gilleo (1951) found Aj =0-7 {x. 

Spectral sensitivity curves for the photovoltaic effect in 
various barrier layer cells are given by Zworykin and 
Ramberg (1949). The curves are all very similar, the maxima 
lying between 0*55 and o*6o [x, and Aj = 0-63 to 0-65 y.. These 
curves resemble that obtained by Eckart and Schmidt (1941) 
which is shown in Figure ^/b, curve B, The sensitivity falls 
rapidly at long wavelengths, being only i per cent of the 
maximum at 0*75 y.. The fall is more gradual at short wave¬ 
lengths, and 10 to 50 per cent sensitivity is retained at 0*35 jx. 

Sieg and Brown (1914) measured spectral sensitivity curves 
for crystals when they were irradiated along three mutually 
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perpendicular axes, 'rhe values of A, were found to vary over 
the range 0-78 to 0-83 jx for the three directions. This effect 
may explain much of the scatter in the Aj values which have 
been reported for crystals of unknown orientation, or layers of 
crystal aggregates. 

PuiSEiKo (1949) measured the spectral sensitivity by an 
a.c. method, putting the selenium between the plates of a 
condenser. He found two peaks at 0*55 g and 0*73 }a, with 
A, values of 0 64 [1 and 0-79 |x. These two figures agree well 
with those obtained for barrier layer cells and photoconductive 
cells respectively, as though tlie condenser method represented 
a (ombination of the two types of cell. 

Observ ations by Ries (1918) and Eli tor (1915) show that 
the maximum of the spectral sensitivity curve shifts to shorter 
wavelengths on cooling, and to longer wavelengths on warming. 
I'he former gives a shift of 0*04 fx for 72^0, and the latter 0-07 jx 
for 2 lo^Ck These values give dA'/dT = — 4*5 ± i \ 10“* eV/°C. 
'I'liis value is rather less than that found from the shift of the 
absorption edge. 

The addition of small amounts of tellurium to selenium is 
found to increase the sensitivity in the neighbourhood of 0*9 /t, 
while cadmium gives a secondary band of photovoltaic 
sensitivity at 0-7 p (Gorlich, 1948 and 1951). 

Photocurrent-Intensity Relation 

Dillerent observers have found dilVcrcnt laws for the relation 
between photocurrent and intensity of the incident radiation. 
Gudden and Poml (1925) found a linear relation at fairly low 
powers, whereas other workers have found a (Power)^ law 
(Berndt, 1904; Minciiin, 1908). Complicated laws, including 
laws with fractional and decimal indices, have also been quoted. 

Much confusion occurs through workers using unresolved 
light, by not carrying the measurements over a sufficiently 
large range of intensities, and by use of cells of non-linear 
current-voltage cliaracteristics. Also errors arc introduced by 
use ()1 load resistors comparable with the cell resistance, such 
that botli cell t in rent and applied voltage vary during the 
measurements, l urther errors may be introduced by heating 
of the lavers bv the radiation. 
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For monochromatic radiation at fairly low intensities, using 
crystals wlierc the current was proportional to the applied 
voltage, and with constant voltage across the crystal, Gudden 
and Pohl found a definite proportionality between photo¬ 
current and energy. This is as would be expected on the 
photo-response theory of § 6 .1. Fournier d’Able {1913) found 
both linear and (Power)^ laws. Pfund (1912) found that 
there was a linear relation when red light was used, but that 
with short wavelength light—violet to yellow—a (Power)* 
law resulted. Similar results were obtained by Brown and Sieg 
(1914). The explanation is presumably the same as suggested for 
the results on phosphorus, namely that, whereas the red light is 
only weakly absorbed and thus produces photoelectrons 
throughout the material, the short wavelengths will be 
absorbed in a thin surface layer, where there will therefore be 
a high density of photoelectrons. The rate of recombination 
will thus increase and lead to a (Power)* law. For sufficiently 
small intensities of course, the response should be linear even at 
short wavelengths. 

As already discussed in Chapter 8, the response of photo¬ 
voltaic cells is a logarithmic function of the intensity of 
irradiation. Photovoltages as high as 0*5 V (with quantum 
efficiencies ~ 70 per cent) have been reported by Preston 
(1950) for cells using layers of cadmium oxide as the trans¬ 
parent, conducting electrode. Keck (1946) gives the limiting 
sensitivity of a selenium cell as ^ io“’ W/cm^ for a 2,400°K 
tungsten source, with a quantum efficiency of 30 per cent at 

0*55 1^- 

Response Time 

Selenium photoconductive cells show pronounced time lag 
effects. In some cases five minutes may be required to reach 
90 per cent of the final photocurrent, with a similar recovery 
time after removal of the radiation. With chopped radiation 
the response therefore falls rapidly with increasing frequency. 
However for frequencies of i to 3 kc/s the response is practically 
constant (Zworykin and Ramberg, 1949). The slow effects 
are no doubt caused by secondary photocurrents, while the 
sensitivity remaining at the high frequencies results from the 
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primary photo-cfrctt. The increase in response time when 
secondary photocurrents occur has been clearly demonstrated 
for amorphous films. 

I'ur barrier-layer photovoltaic cells, the iVcqucncy response 
is detcrmiiu cl mainly by the high capacity of the barrier layer. 
I’or t\'pical cells the response falls to half its low frequency 
\ aluc at 5 to lo kc/s. 


Ahsorplion in Metallic Selenium 

I ransmission measurements have been carried out on single 
crystals by Dowd {1951), who used crystals only iO“^ to 10“^ cm 
thick, formed by evaporation. Ihc absorption increased 
rapidly as the wavelength was reduced below 0*7 |x, whilst at 
longer w.ivclcngihs it was practically constant. The results 
arc shown by the broken line of Fissure .p. For wavelengths 
below 0 7 (i the absorption constant is about five times greater 
than fin amoi|)hous selenium. .\t longer wavelengths the 
absorption remains constant at 600 cm“b This absorption 
must be due to the free carriers present in metallic selenium, 
which are absent in the near insulating amorphous form. By 
com])arison ^vilh germanium and silicon this absorption is 
very high. With a carrier concentration ^ io^'*/cm^ (as is 
lound for pure selenium), the absorption constant for ger¬ 
manium or silicon would be ~o*icm 'b As shown bv 

4 

equation i f), the absorption produced by free can'icn is inversely 
j)r{)ponional to the (mobility)". As the measured mobility in 
selenium is ^ 10' times less than in germanium this factor 
would more than explain the difference in absorption constants. 

Gii i.i.o (i9f)D studied the absorption of selenium layers 
bdore and after transformation from the amorphous type to 
the metallic type. He found that the wavelength for a given 
absorption lc\ cl was increased from 500 lo 600 m[A (or 560 to 
G80 mil for a dinerent absorption level) t.r. a decrease of 
0 4 cV in the quantum energy. 

I'or the metallic form, a secondary peak w’as found in the 
absorption spectrum at 520 mg. In the region of 0*6 g the 
absorption edge moved to shorter wavelengths by 30 mg on 
cooling from 3Go^K lo 74^K, corresponding to an energy shift 
oidlijdT - - ~4 \ lo^WV/^Ck This \alue is close to that found 



LIQUID SELENIUM 

from the shift in spectral sensitivity curves. Reflection 
measurements of the absorption index of single crystals by 
SiEG (1922) and Weld (1922) show two maxima for both crystal 
directions. One maximum lies at A < 0*45 (x, and the other 
(secondary) maximum at 0*65 ji. 

20.5. LIQUID SELENIUM 

The properties of liquid selenium are of importance because 
the chain structure thought to exist in the liquid state is similar 
to that which occurs in amorphous selenium. It is therefore 
of interest to find that the conductivity of liquid selenium 
increases very rapidly with temperature. Henkels (1950b) 
has carried out extensive measurements on very pure 
selenium, and finds an activation energy from the conductivity 
temperature curves of 2-3 eV, in substantial agreement with 
earlier results by Pelabon (1921). Lizell (1952) finds the 
conductivity to be 1-26 X lO’^ Q-i cm-i at 480^0, with an 
activation energy of 2*28 eV. This worker also confirmed that 
the d.c. conductivity equalled that at i Mc/s provided low 
applied fields were used. These energies are near to that of 
the Se—Se bond (57 k cal/mole) and to the optical activation 
energy found from photoconductive measurements on amor¬ 
phous selenium. 

20.6. REFRACTIVE INDEX AND DIELECTRIC CONSTANT 

There is much conflicting data on the refractive index of 
selenium, particularly amongst the measurements performed 
on single crystals. Some results for single crystals are sum¬ 
marized in Table where the two values given refer to 
two crystal directions. From these results, one can only 


Table X 


Observer 

0-4 (X 

i 

0-5 

0*6 (X 

0-67 (X 

Sieg .. 

Miller (1925) . . 
Skinner (1917) .. 
IVieW (1922) .. 

1 

37 3-2 

44 2-8 j 

' 5*0 3*2 

3*4 3*4 

4'I 2*8 ' 

5-0 3*2 

5*2 3*8 

4*1 3*0 

5*2 3*8 

5*0 4*0 

4*0 3'* 

4*9 3*9 
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say that the two refractive indices arc roughly 4 to 5 for 
electric vector parallel to the crystal axis, and 3 to 4 when 
perpendicular. These measurements were all made by 
reflection of polarized light in a spectral region where the 
selenium is absorbing strongly. Furthermore, Edmunds (1904) 
has shown that the results obtained by these methods are very 
susceptible to the state of the surface of the selenium. None of 
the above results show any signs of fitting a normal dispersion 
curve. For these reasons it is felt that not much reliance can 
be placed on these measurements. 

Aecurate measurements were made by Wood (1902) of the 
refractive index of a thin prism. 1 his was made by casting 
molten selenium between flat plates, so that presumably the 
material would be in the vitreous or amorphous state. Results 
obtained over the whole visible spectrum are shown in Figure 



Figure 43. Refractive index of selenium 


A maximum \ alue of// - 313 is obtained at 0-5 ji, the index 
lalling raj)idly at shorter wa\ clengths as the main absorption 
band is entered (sec Figure 42), At the red end of the visible 
region the index has fallen to j-fi. Gebbie and Saker (1951) 
ha\'e rceently extended the measureiiients into the near infra¬ 
red by using an image-eonverter ttibe to measure the angle ol 
minimum de\ ia(ion of tlu'ir prism. Dowd (1051) has further 
extended the measurements to 2-7 ^ with the aid of a lead 
sul])hide detector. As may be seen from figure ./-j there is little 
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dispersion beyond 1-5 (x, the constant value of the index being 
Uq = 2*46. At still longer wavelengths Coblentz (1908) gives 
the reflectivity as 18*5 per cent which corresponds to « ~ 2*5. 

From the refractive index value of 2*46, the dielectric 

constant would be expected to be near 6*05. Measured values 

by Schmidt (1903) and VomviLLER (1907) are 6-6 and 6-13, 

while Tamman (1931) gives 6*31 at i6°C. Gebbie and Kiely 

(^952) quote a recent (unpublished) measurement by Clark 

as giving 6‘3diO*i at frequencies < 40 Mc/s, while at a 

frequency of 10^® c/s they themselves find 5*97^=0*04 for 

amorphous selenium. It may be noted that the dielectric 

constant of liquid selenium differs little from that of the 

amorphous solid, the value given by Weselowski (1938) 

being e = 6-07. The values for the dielectric constant, and 

(refractive index) ^ agree well for the amorphous material, if 

we take the value of e at 10^® c/s. There seems to be a significant 

difference between the values at io^° c/s and 10’ c/s, indicating 

appreciable absorption in this range. For crystalline selenium 

precise measurements of e in different crystal directions, and 

of n in the infra-red on prisms cut from single crystals would 

be required to provide an accurate check of the validity of the 
relation = €. 

From the data of Meier (1910), the maximum in the 
imaginary part of the optical dielectric constant occurs near 
0-34 (X. Using this value in the simple formula of equation 1 7 
would give a calculated dielectric constant of ^ 5. hlore 
accurate agreement with the measured value might be obtained 
if fuller absorption data were available, so that the area under 
the absorption curve could be integrated in the manner shown 
to give good results for silicon. 

Tamman (1931) found the dielectric constant varied linearly 
with temperature from 6-31 at i6°C to 6*34 at 29"’C. The 
decrease on cooling would lead one to expect a shift of the 
spectral sensitivity curve to shorter wavelengths if the E oz 
relation applies*. Such a shift is in fact observed. The change 
in € is equivalent to a change in of ~ 7 X 10““* per °G, 
so the expected change in activation energy would be 
~ 13 X 10“'* eV/®C (at a wavelength of 0-7 tx). 'I’his is about 

* Discussed in Chapter 9. 
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twice the observed shift, but in view of the extremely small 
range of measurement of e, the agreement is reasonable. 

20.7. SUMMARY AND DISCUSSION 

Photoconductivity has been observed in all three forms of 
selenium. For both the amorphous and red crystalline 
varieties the photocurrent is proportional to the radiant 
power. For the metallic type both linear and (Power)* 
laws may be obtained, depending on the intensities and 
wavelengths used. The primary photocurrent has been shown 
to have a response time < 50 ji sec in amorphous selenium, 
the long-time effects often found in selenium cells being 
attributed to secondary photocurrents. Both photocurrents 
(in amorphous Sc) and dark currents (in metallic Se) are 
carried mainly by positive holes, the mobilities in the latter 
case being ^0*2 cm scc"*/^^ cm"^ at room temperature. 

Regarding the difl'crcnce in conductivity of the various 
I'orms, VON Hippel (1948) has suggested that the low con¬ 
ductivity of tlie red crystalline variety results from the fact 
that the positive holes belong to ring molecules and arc thus 
immobile, whereas in the metallic form charge transfer can 
take place along the semi-infinite chains of atoms. Billig 
(1952) has suggested that the positive holes arise from acceptor 
centres produced by structural defects, possibly associated 
with the terminations of the chains. 

Activation Energies 

Activation energies estimated for the various forms cover the 
range 1-5 to 2-5 eV. For amorphous selenium, the activation 
energy found from photoconduclive measurements is 2*5 cV. 
This agrees approximately with the wavelength at which the 
absorption constant begins to fall rapidly. Liquid selenium, 
which has a similar structure to amorphous selenium, shows a 
thermal activation energy of 2*3 e\’. Furthermore the strength 
of the Se-Se bond is 2*5 eW All these values thus agree fairly 
well, and indicate tliat for the random chain structure free 
current carriers can be produced cither optically or thermally 
when an energy of approximately 2-4 c\ is used to break an 
Sc-Sc bond. 
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Both metallic and red selenium crystals show activation 
energies in the range 1-5 to 1-65 eV as determined from photo¬ 
conductivity measurements, the scatter being partly due to 
the random orientation of the anisotropic crystals. From 
photovoltaic measurements an activ^ation energy of 1*9 eV is 
obtained. By resistance-temperature measurements on an 
amorphous film (which showed photoconductivity in the same 
spectral region as the crystalline forms, in addition to the short 


wavelength band) a thermal activation energy of approxi¬ 
mately 1*7 eV was found. 

The absorption curve has been shown to move to longer 

^A^lren an amorphous layer is converted to a 
metallic one, a secondary absorption band being formed. It 
thus appears that as the short chains in amorphous selenium 
increase in length, and become ordered and parallel (as in the 

metallic modification) tlie activation energy falls by 0-5 to 
1*0 eV. 


Soft x-ray absorption measurements have been reported for 
selenium by Givens and Siegmund (1952). The absorption 
curve, which should be of the same form as the density of 
states function, shows a doublet on the absorption edge with a 
separation of only 0-7 eV. It is possible that this doublet 
represents structure in the conduction band, and that the two 
peaks correspond to the two peaks observed in the optical 
absorption curve. 


% 
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21. I. OF..NERAI. PROPERTIES 

Recent x-ray investigations of tellurium layers in vacuo, 
from liciuid air temperature up to the melting point, show that 
no change in the crystal structure occurs (Scanlon and Lark- 
Horovitz, 1947). High pressure measurements (Bridgman, 
1938) also show that no phase change occurs up to a pressure 
of 30,000 kg/cm-. It thus seems probable that tellurium exists 
in only one form. 

I'he relation of tellurium to the other members of Group VI 
of the periodic table has l)eeu discussed by von Hippel (1948), 
who describes the lattice as made up of spiral chains of atoms, 
w'hh interatomic spacing 2*86 A. 'rdlurium crystals arc highly 
anisotropic—lor example the compressibility coefficients have 
opposite signs parallel and perpendicular to the main cr)'stal 
axis (Gmei.in, 1940). 'reliurium boils at 1,390^0 at atmospheric 
pressure, and the vapour pressure is quite high at moderate 
temperatures (0-5 mm Hg at 490*^0), so that the material may 
readily be distilled in vacuo. 


21.2. conductivity and hall effect 

IN tellurium 

Bridgman (1938) gives the resistivities parallel and perpen¬ 
dicular to the crystal axis as;>||—0 056 Hem and pj^=0'i5ncm. 
However, very smalt traces of impurities ail'cct the conductivity, 
and with 99*99 per cent purity tellurium Cartwright and 
Haherfkld-Sciiwar/. (1935) found /> = 0*37 to 0-43 Hem. 
With small additions of copper these workers obtained the 
Ibllowing conductivities: 

(Zn content (>•! 0*2 U*t> 1*5 per cent 

Conductivity S 10 30 100 


The results were not suHicientlv dclinitc to decide whether 

4 

the conductivity increased in proportion to the impurity 
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content, or to the square root thercol' i.e, whether each 
impurity atom produced a free current carrier, or whether 
equation 7 applied. Small amounts of antimony had marked 
effects on the conductivity, o-1 per cent giving (7=300 Q'^cm'^. 

For polycrystalline specimens of extreme purity, Bottom 
(^949) obtained a resistivity of o -6 Ocm at 300°K. Further 
measurements by this worker established that this was intrinsic 
conductivity, the impurity conductivity at lower temperatures 
being approximately 10 times smaller. 

Warburton (1927) and Kraus and Johnson (1928) ob¬ 
served that the conductivity increased with rising temperature, 
with indications of a low value of activation energy. For the 
temperature range io°C to ioo°C, the results of Cartwright 
and Haberfeld-Schwarz (1935) show an activation energy 
of approximately 0-3 cV. With additions of 0*3 per cent 
of antimony or more, the material became semi-metallic, 
and the resistance increased with temperature. Measure¬ 
ments at very low temperatures have been reported by 

Chentsov (1948). 

Wold (1916) measured the Hall effect in bulk tellurium, his 
values indicating an activation energy'^ 0*4 eV for the restricted 
temperature range 27 to 79^G. For layers evaporated in vacuo^ 
Scanlon and Lark-Horovitz (1947) found E = 0*36 eV, the 
Hall effect indicating that positive holes were the predominant 
current carriers. At low temperatures the impurity activation 
energy was 0-04 eV. Bottom (1948) gives E = 0-38 eV. This 
worker found that the Hall constant showed a double reversal 


as soon as the purity reached a certain minimum value, being 
negative between — 40°G and + 23o°C, and positive elsewhere. 
The anisotropy in resistance was found to be == 1*9 zb 'i> 
with no isotropy in the Hall constant. Johnson (1948) 
also gives E = 0*38 eV, with a hole mobility given by 
h 2*7 X 2 ^ 550 cm sec~^/V cm“* at room 

temperature. The electron mobility was found to have 
approximately the same value. 

The most recent and most extensive measurements published, 
are those by Fukuroi el alii (1949 and 1950). These workers 
used single crystals made from material which had been 
purified by repeated fractional distillations. For the final 
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material, spectroscopic examination showed the main impurity 
to be tin in proportions of lO”"* to per cent i.e. a few parts 
per million. The tellurium was cast in glass tubes and crystal¬ 
lized by slow cooling. I'he glass was then dissolved by hydro¬ 
fluoric acid to give cylindrical specimens i to 2 mm diameter 
and 20 mm long. Simultaneous measurements of conductivity, 
Hall effect, thermoelectric power, and magneto-resistance 
were made on these specimens for temperatures between 
85°K and 6oo°K. 



Figure 44. Conductivity 0/ tellurium 


The conductivity of one of the purest specimens over this 
temperature range is shown in curve A of Figure 44. It will be 
seen that below 20o''K the resistivity is approximately constant 
at 2'5 i 2 cm. At higher temperatures the conductivity rises 
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rapidly. For an impure specimen, the values of curve B are 
obtained*. Points for both specimens lie on the same line at 
high temperatures, thus establishing that this is the intrinsic 
line. From the slope of the line the activation energy is 0*34 eV. 

Double reversal of the Hall constant was found for all pure 
specimens, the higher temperature change-over point being 
240°C in close agreement with Bottom’s value. The thermo¬ 
electric power also showed a double reversal of sign, although 
not at exactly the same temperatures as for the Hall effect 
change. The reversal of Hall constant is attributed to different 
temperature variation of the mobilities, b,^ being > above 
240°C, and b^ > bf^ at lower temperatures. The estimated 
mobility values are given in Table XL 


Table XI 


r i 

Pc 

cm'IV sec 

1 

Ph 

cm-jV sec 

0 

1,850 

1.350 

27 

U650 

1,100 

127 

1,000 

610 

1 

200 

i 570 

450 

240 

400 

400 

320 , 

1 

1 

260 

• 

320 

1 


It was established that both a.c. and d.c. Hall effect measure¬ 
ments gave substantially the same results. 

The magneto-resistance effect was measured, and the value 
ApjpH^= 3 X io~^® obtained at room temperature. Using 
equation 4 this result indicates a mobility ~ 2,500 cm^/V sec 
at room temperature and ~ 1,000 cm^/V sec at 500°K, 

From the mobility values given in Table XI and the intrinsic 
conductivity of 3 0-icm“^ (for the particular orientation of the 
crystal used) the carrier concentration is = 7 X lo^^/cm^ 

at room temperature. 

Resistance—temperature measurements have been carried out 
on evaporated films by Sakurai and Munesue (1952). These 
workers find that their results obey the expected exponential 

* Results quoted by Putley, 1952 . 
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law between room temperature and 50o''K, provided allowance 
is made for a certain temperature independent residual 
resistance, the magnitude of which varies with heat treatment 
and deposition temperature. 1 he value of activation energy 
is found to be 0*34 cV. 

'rellurium is anomalous in that for certain temperature 
regioits the mobility of holes can exceed that of electrons. Also 
the mobility varies for the different crystal directions, and the 
magneto-resistance effect shows unusual variations with tem¬ 
perature. All these effects emphasize the anisotropy of 
tellurium, and indicate that the simple theory of Hall effect, 
magneto-resistance cfl'ect, and the concepts of effective mass, 
must be applied with caution to this element. 

21.3. PHOTOCONDUCTIVITY 

Early attempts to observe photoconductivity in tellurium were 
unsuccessful, and the workers concluded that the element was 
not photosensitive (Coblentz, 1918; Brown and MacMahon, 
1929). However extensive measurements have now been 
carried out on photoconductivity in tellurium layers, although 
the photoconductive effect is only of significance when the 
layers arc cooled. 

Experimental cells were made in Dewar flask type envelopes 
of' the type illustrated in Figuye ijd. The layers were formed 
by repeated distillation of Speepure tellurium with the cells 
ec acuated to pressures < lo '^mm Hg. Electrodes of graphite 
or platinum, painted on the end of the inner part of the Dewar 
flask, were used to make contact with the layers. 

Cell I 

Graphite electrodes were used, of dimensions 8 mm X 2 mm 
gap. About I mg Speepure tellurium was inserted in the cell, 
and after outgassing for some hours in a good vacuum, the 
material was evaporated on to the front window of the cell 
by heating the whole cell in the oven, whilst cooling the front 
window with an air blast. The material was later distilled 
over to the electrode surface (water-cooled) by an air-gas flame. 

The area of film ^vas approximately 2 cm-, giving an 
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estimated layer thickness of ^ to i At room temperature tlie 
resistance was 2-7 kH. This figure indicates a specific 
resistance ~ 0*35 Qcm, On cooling to 90°K the resistance 
increased by a factor of 5, falling by about 15 per cent on 
illumination with a 40 W lamp. 

Spectral sensitivity — The spectral distribution of sensitivity 
was measured, using a lithium fluoride prism nionochromator 
with radiation interrupted at 800 c/s, the layer being cooled 
by liquid oxygen. The resulting curve is shown in Figure ^5a. 
The broken curve has been corrected for the absorption loss 
in the Pyrex window. This loss was measured at a later stage 
by breaking open the cell. 



Two bands of sensitivity are apparent, with threshold 
wavelengths A^= 1*4 (i and 3*3 ji. When the cell was opened 
the sign of the thermoelectric power was observed. This 
showed the current carriers to be positive holes. 

Cells 

This cell was made in the same manner as the previous one, 
and had a sensitive area 4 mm X 2 mm. The resistance was 
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5*8 k <2 at 292^K and 65 \dl at At the latter temperature 

the cell showed high sensitivity, and it was possible to measure 
its response time using a pulsed neon lamp, wide-band amplifier, 
and oscilloscope. The response time, which was measured on 
the falling edge of the pulse, was loiind to be 800 gscc (foi a 


fall to i/e). 

The limiting sensitivity of the cell was measured at go^K 
using radiation chopped at 800 c,s. I’he source was a 3 \\ 
bulb with a filament temperature ^2,ooo°C. With 3 X I0“® ^V 
total radiation incident on the layer the resulting signal-noise 
ratio was 560 : i for 20 c/s bandwidth. Hence signal = noise 
for X 10 MV for 20 c/s bandwidtii, or approximately 
1-2 X 10^ MV for I c/s bandwidth. The ax, signal from the 
cell was found to be proportional to the applied d.c. field for 
field strengths up to about 100 V/cm. 

riie spectral sensitivity curve was measured, with results 
very similar to those found for the first cell. On correcting for 
the loss in the cell window, it was found that 3*4 (x. 


Cell 3 

In view of the fact that measurements on cells i and 2 had 
sliown that sensitivity extended to wavelengths longer than 
those transmitted by Pjrex of millimetre thicknesses, tliis cell 
was made witli a ‘ bubble ’ window of very thin Pjrex, such 
as would give good transmission for wavelengths up to 4*5 g, 
'J hc electrodes were 4 mm x i--)mm gap, and the layer 
resistance i kii at room temperature, and 6 kQ at go'^K. After 
redistilling the layer from the electrodes to the window and 
back <igain several times, the values became constant at 
I-I kLl and 11 kU respccti\ely. 

'I’he sign of the thermoelectric power was observed (by 
warming one side of the layer through the glass backing). As 
before the carriers were found to be positive holes. 


Spectral Sensitivity 

Conditions were the same as for the previous measurements, 
except that the interruption frequency was reduced to 85 c/s 
and the bandwidth reduced to 6 c/s, as this w;\s found to 
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improve the signal-noise ratios. The results obtained for a 
layer temperature of 90°K arc shown in Figure curve A. 
Two bands of sensitivity are again observed. As the curve has 
no flat part in the long-wave region which may be used as a 
datum to find the half-value wavelength, the curve has been 
analysed into its two component bands (as shown by the 
broken lines) assuming that the edge of the short wavelength 
band of sensitivity falls exponentially with the same slope as 
that observed for the long-wave band. 

The threshold wavelength is now taken at half the value at 
the peak of the broken curve, and is found to be Aj = 3-2 |j.. 
The value is relatively insensitive to the precise way in which 
the edge of the first band is extrapolated. The long wavelength 
part of the curve is fairly linear over a range of 30 : i indicating 
an exponential fall in sensitivity with wavelength. 

In curve B measurements obtained at I95°K arc shown. 
The sensitivity was much lower at this temperature, particularly 
at longer wavelengths. It was possible, however, with care, to 
measure out to 3-2 (x. By extrapolating the short wavelength 
band as before we may again isolate the long wavelength band. 
The results are not so accurate at this temperature, but the 
method serves to give an estimate of the spectral shift. The 
shift is found to be o*i8 (x for i05°C, the wavelength increasing 
on cooling. This is the only element found to give a 
positive energy shift with temperature, the value being 
dEjdT ^2 X io~‘*eV/°C. The I95°K curve should give a 
fairly accurate figure for the threshold wavelength for the short 
wavelength band, since the long wavelength band is compara¬ 
tively small. The value is 1*4 ji. 

Relation between signal and radiant power — Several measure¬ 
ments were made of the relation between the a.c. photocurrent 
and incident radiation. A tungsten lamp was used as the 
source, the radiation being interrupted at 85 c/s. Results with 
the layer cooled by liquid oxygen are shown in Figure 46^ 
curve A. As will be seen, the points lie mainly on two straight 
lines of slopes, half and unity, so that at low energy levels the 
response is linear, while at high levels the relation becomes 
photocurrent oc (Power) The results are therefore in accord 
with the photo-response theory of Chapter 6. 
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Cell 4 

This cell was made with a ‘ bubble ’ window^, the layer being 
formed in the same manner as for the previous cells. Extensive 
spectral sensitivity measurements were carried out on this cell 
with the particular aim of measuring the temperature shift of 
the threshold wavelength. The difficulty in performing this 
measurement lies in the fact that the sensitivity of the cell 
falls rapidly with increasing temperature, and furthermore 
the sensitivity of tlic long wavelength band—which is the part 
of greatest interest—falls more than tliat of the short wavelength 
band. Since the energy of the monochromator is low at long 
wavelengths the signal-noise ratio becomes vei’y small. As a 
result of these factors it was not possible to extend the measure¬ 
ments to sufficiently long w^avelengtlis at temperatures much 
above i50°K. Since the lowest convenient temperature to use 
was that of boiling nitrogen (77®K), measurements could only 
be made over a rather restricted range of temperature, with 
correspondingly small shifts and low- accuracy. 
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I’if^ure 46. Photo-response of tellurium 

Measurements were made at the following temperatures: 
.1, 77‘'K, boiling point of liquid nitrogen; If i6i°K, melting 
])oint of carbon bisulphide; 1 melting point of acetone; 

iu acetone. The resulting spectral sensi- 
ti\ity curves are plotted in Fioure ./5c, At 77'‘'K the curve is 
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roughly flat from i to 3 ix, with slight ev idence of band structure. 
This structure is shown more clearly at higher temperatures, 
where there is a band of sensitivity stretching from 0*9 [i to 
nearly 2-o (i, the sensitivity then falling until a small ‘ plateau ’ 
on the curve at 3-0 [x, with a final fall at longer wavelengths. 
At 77°K the curve falls exponentially over a 40 : i range. 

Only on the two curves at lowest temperatures can the half¬ 
value wavelength be determined. Taking it relative to the 
plateau in the 2*8 to 3-0 [x region gives: 

77 °K, X^= 3*45 fx lerK, 3-28 [x 

Hence the corresponding energy shift is 

dEldT= + 2-2 X 10 -W/°C. 

At i 78°K the measurements just reached the plateau at 3 (x, 
at i 95°K only the first band of sensitivity appears. As the 
sensitivities on the curves plotted are in terms of signal-noise 
ratio per 10 fxW incident energy (referred to i c/s bandwidth) 
it may readily be seen that the limiting sensitivity of the cell 
at 77°K is 2*2 X 10-® W. 

Cell ^ 

This cell had a ‘ bubble * window and platinum electrodes of 
4*5 mm x i mm gap. The cell was kept at low pressure 
(with the tellurium in the form of a layer) for some hours 
with the temperature at 250^0, and the material then distilled 
to the ‘ bubble ’ at goo^C. By this means impurities volatile 
below 26 o°G or non-volatile at 300°C should be removed. 
The material was finally evaporated by a flame on to water- 
cooled electrodes to give a layer of resistance 3*5 kQ at 
room temperature, and 38 kQ at 90°K. Spectral sensitivity 
curves were obtained at 90°K and i95°K which closely re¬ 
sembled those of Figure 45b. Using the same method of 
analysing the curves as for cell 3, the threshold wavelength 
is Aj = 3*2 [X at 90°K, and the spectral shift AX 0*13 (x. 
Hence dE/dT £- -f i-8 x io-W/°C. 

The dependence of the a.c. photocurrent on intensity was 
found to confirm the results for cell 3, namely that the response 
was linear at low levels of illumination (over a 100 : i range), 
with a (Power)* law at high levels. 
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At 90''K the response time was found to be r = 460 (isec. 
At i 95°K the signal-noise ratio was very poor, but it was 
estimated that r ~ 150 nsec d: 20 per cent. 

Cell 6 

'Fliis cell was made as for cell 5 except that the layer was rather 
thicker. Spectral sensitivity measurements were carried out at 
i6i°K and The curves obtained were similar 

to those shown in Figure ./jc. At 77°K the response was nearly 
constant from i [t to 3 (x, with a steady exponential fall from 
3*2 [A to 4*2 (i, and Aj = 3*4 ja. At i6i°K, however, the 
sensitivity of the long wavelength band was only 1/5 of 
that for the short wavelength band. At i95°K it was 
not possible to plot the long wavelength band in sufiicient 
detail to determine Aj, so that tlie shift could only be estimated 
for the temperature range 77 to i6i°K. The value was 

i\Ek\T ~ + 1*7 X io~‘cV/^C. 


Limiting Sensitivity am! Response Time 

At 77^K the limiting sensitivity at 1*5 g was 4’5 x iO"®W 
for I c/s bandwidth. I’hc signal fell to i/e of its maximum 
value in 350 tiscc. 


Dependence of Pliotociirrenl on Field and Infensitv 
It was found that both dark and photocurrents were propor¬ 
tional to the applied field, until the electrical power dissipated 
in llu' layer became great enough to catise appreciable heating. 

Ilie variation of a.c. photocurrent with radiant power 
lading (»n the layer is shown by curve B of Figure ^6, It will 
be seen that the points lie on a straight line of slope unity, 
showing that tlu‘ response ol the cell is linear throughout 
this regioin 


Cell 7 

Ihis cell was made with a different design of electrodes in 
order to increase the resistance of the layer and so make it 
coinjiarablc ^\'itll the noise resistance of the amplifier. Instead 
t)f the usual sensitive area ot ~ 3 mm x i mm gap (which is 
a coiu cnicnt shape to use iN'hen focusing an image of a spectro¬ 
meter slit on to the layer), the area was made i mm 
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wide with ~ 5 mm gap between electrodes. This procedure 
would increase the cell resistance by about 25 : i. To make 
the cell with this electrode configuration a narrow ridge of 
glass was formed on the end of the inner part of the Dewar, 
of about I cm height. The surface of this ridge was then 
ground flat and polished, and electrodes of platinum applied 
to the ends of the ground portion. The resulting area between 
the electrodes was 4*6 mm long x 0*9 mm wide. The cell 
was fitted with a ‘ bubble * window, and the layer formed in 
the manner described for earlier cells. The layer was photo¬ 
sensitive and its resistance at various temperatures was: 

330 298 195 90°K 

8 11 40 120 kn 

The response time was 800 [/.sec at 90°K, and the limiting 
sensitivity i x io“®W for i [x radiation at this temperature. 

The spectral sensitivity curve was measured between o-8 [x 
and 3-8 (X. There was no well-defined long wavelength 
threshold, so no spectral shift measurements were carried out. 
There was a sharp bend in the curve at 3*2 [x (where the most 
rapid exponential fall commenced) which may be taken as a 
rough value for the threshold wavelength. At short wavelengths, 
the sensitivity fell to half its maximum value at Aj = i *4 fx. 

Cells 

This cell used the same electrode configuration as cell 7. The 
layer was made considerably thicker by using 2 to 3 times as 
much tellurium. Its resistance was 5 kD at 20°C and 20 kQ 
at 9 o°K. 


are shown in Figure ^^d, curve A, from 
which it is seen that the sensitivity has a broad maximum near 
1*6 [X. The long wavelength threshold, taken as half the 
sensitivity at 3*2 (x is 3*5 ja. Curve £ shows results 
obtained with the layer cooled by liquid hydrogen. Unfor¬ 
tunately, the hydrogen boiled away very rapidly—due 
primarily to the absence of silvering or any other radiation 

screening and consequently readings only covered a restricted 
wavelength range. 


Spectral Sensitivity 
The results for 
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To estimate the spectral shift, which is very small, the points 
on curve B have been scaled down to give the broken curve. 
It will be seen that this curve coincides with the 90°K curve 
from 2*9 to 3*2 {x, but lies above it at longer wavelengths. The 
shift is taken as the horizontal distance between the broken 
curve and the 90°K curve at longer wavelengths, and is 
approximately 0 08 (x. With such a small shift, the percentage 
accuracy is low; and considering the particular difficulties of 
performing the measurements at liquid hydrogen temperatures, 
it is felt that the value may well be in error by as much as 
0-03 [X. 

After the liquid hydrogen measurements were completed the 
cell became more noisy, and the signal-noise ratios were inade¬ 
quate to enable spectral sensitivity measurements to be carried 
out over the wavelength range required at any higher tempera¬ 
ture than that of liquid oxygen. Even at the relatively low 
temperature of 141'^K (attained by working at the melting 
point of solid /;-pentanc) useful signal-noise values could only 
be obtained up to 3*0 \l. 


Cell ,9 

This cell was made of similar design to cell 8, except that the 
ridge ol glass carrying the electrodes was formed in such a 
manner as to give better thermal contact to the layer. It was 
also recessed within the end of tlic inner part of the Dewar 
flask, so that the solid angle over which radiation would fall 
on to the laver was reduced. 

Ihc preparation t)f the cell was carried out in the usual way, 
and a layer of good sensitivity obtained. 

Spectral sensitivity — Extensive measurements were carried 
out on this cell at various temperatures. The results are 
plotted in Figure ./5c. 'The main curve .1 (at 77^K), show's 
a steady iall from the region of i-o [i to a shoulder on the cur\'c 
at 3-3 [X. 'Ihc threshold wavelength, taken at half the sensi¬ 
tivity at this shoulder region is Aj=3-5tx. For the short 
wavelength band, 1*4 ^x. 

Ihc results ol curve B were obtained at 141'^K, the melting 
point ol //-pentane. '1 he vertical scale of this curve has been 
adjusted to coincide witli curve .1 from 2*6 to 3-0 jx. The same 
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procedure was used for curve C, which gives the sensitivity for 
I95°K. The wavelength separation of the straight lines drawn 
for the three curves represents the spectral shift, the values being: 

77°K to 141°K, 0*12 
141°K to 195°K, 0-09 |jl 

Hence the total shift for ii8°C is 0-21 (a, which gives 
dE/dT = + 1*9 X io“^eV/°C. This is the most accurate 
value obtained from the spectral shift measurements on any 
of the tellurium cells, and it is thought unlikely to be in error 
by more than d: 20 per cent. 

Conduction — It was found that the layer obeyed Ohm’s law 
for a range of applied voltages of 0-05 to 100 V, The fact that 
the layer was ohmic for such small potentials means that barrier 
effects at the electrodes cannot be of much importance. The 
sign of the thermoelectric power showed, as before, that the 
conduction was by positive holes. 

Response time and signal-intensity relation —The response time 
of the cell was found to be 450 fisec at po^K, and 550 {isec at 
77®K. Measurements of the variation of a.c. photocun ent with 
intensity were carried out with the cell cooled by liquid oxygen. 
For low power levels the response was linear with incident 
power over a range of 100 : i. At higher powers the results 
fitted a (Power) ^ law over a range of 30 : i in intensity. 

21.4. TEMPERATURE VARIATION OF SENSITIVITY 

Cell 9 was the most sensitive tellurium cell made, and when 
cooled to 77°K it gave signal-noise in i c/s bandwidth for 
an incident energy of i*2 X io”^®W of monochromatic 
radiation at i (a. As the cell sensitivity w'as so high (with the 
layer cooled) its temperature dependence could be measured 
over a wide range. It was just possible to detect a signal at 
room temperature. 

Mercury was put in the cell, and a thermocouple junction 
immersed in it. The mercury was then cooled wdth liquid 
nitrogen and readings of the signal taken as the cell warmed 
slowly to room temperature. Monochromatic radiation of 
1*0 \i wavelength, chopped at 80 c/s, was used to produce the 
signal. The signal was found to alter over such an enormous 
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range that it was necessary to vary the amplifier gain (over 
1,000 : I range), the energy incident on the cell, and the cell 
current, in order to make continuous measurements. The 
energy was kept small when the sensiti\'ity was high so that 
there would be no question of non-linearity in response. 

Ihc results obtained are shown in Figure ^7, where log 
(relative sensitivity*) is plotted as a function of temperature. 
It will be seen that between 77^K and the cell sensitivity 

falls by a quarter of a million times. This change is even more 
surprising when it is considered that the resistance of the 



Figure ^7. Temperature variation of sensi- 

tivity in tellurium 

iayci (shown by the broken curve) changes by <10 over the 
same temperature range, 

signal acr.^ Uic cdl when 

is^Dronoi tinn->l t u^ resistance load. Under Uicse conditions the signal 

>3 propoitional to the resistance change of the cell on illuniinaUon. 





PHOTO-EMISSIVE MEASUREMENTS 

Some of the increase in sensitivity on cooling was probably 
due to increase of response time, but it was not possible to 
measure this at temperatures above 90°K. It may be noted 
that the effect is in the opposite direction to that observed in 
the alkali halides (Mott and Gurney, 1948 ), and to that 
shown for arsenic in Figure ^4. 

21.5. PHOTO-EMISSIVE MEASUREMENTS 

Apker et alii (1948) have reported measurements on photo¬ 
emission from films of tellurium evaporated in high vacuum 
on to various metal substrates. Films of thickness io“® to 
io“2cm were used, some layers having random structures 
whilst others had highly oriented crystallites. 

It was observed that for high voltages [i.e. 10 to 1,000 V) 
the photocurrent varied as F* as expected for the Schottky 
effect. The curves of energy distribution of the photoelectrons 
were corrected for this effect in order to obtain the saturation 
potential. The energy distribution of the photoelectrons was 
found to fit a relation of the form of equation 66 with the 
parameter r = 1*5. This value of r leads to values of the gap 
between the Fermi level and the full band of J =0*12 eV. 

From the spectral distribution curves (again interpreted by 
equation 66) the best value of r was 2, the photo-yield being 
proportional to {hv — 4*89)^. As the work function was 
found to be 4*76 within close limits, this result gives 
^ = 4*89 — 4*76 =0*13 eV. Apker et alii point out that the 
data are insufficient to determine r uniquely, and that the results 
could equally well be explained by a series of superimposed 
characteristics with r = i. For this case the energy gap would 
be d = 0'i8 eV. 

These results thus indicate a forbidden zone width of 0*24 
to 0-36 eV, if we assume the specimens used were well in the 
intrinsic range of conductivity, so that the Fermi level lay 
midway between the full and conduction bands. As evaporated 
tellurium layers are normally/>-type, the Fermi level would be 
lowered, and smaller values of d (as observed) would be 

expected. 

Photoemissive measurements on tellurium at different 
temperatures have been reported by Arseneva-Geil (1949)* 
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21 . 6 . OPTICAL PROPERTIES OF TELLURIUM 

Absorption 

Little information has been published on direct measurements 
of transmission of tellurium, the only works known being; 

/ Ru tter (1930) who found that a film of unquoted thick¬ 
ness gave 10 per cent transmission at i [x, and 80 per cent 
at 2-5 (X. 

ii SoEZi.MA (1949) who measured films (again of unspecified 
tliickncss) in tlie visible and near ultra-violet and found a very 
Hat absorption maximum near 0*4 \i. 

Hi Peund (1933) who gave infra-red transmission measure- 
nienls on films of unknown thickness. 

Measurements are now described on thin films of Speepure 
tellurium evaporated in vacuo on to plates of artificial sapphire. 
Plates of the thickness used (~ i mm) give good transmission 
in the infra-red for wavelengths < 6 [x. By the use of films of 
various thicknesses down to 0 26 jx, measurements could be 


made at wavelengths as low as i |x. A lithium fluoride prism 
monochromator was used because of its good dispersion. As 
the absorption decreased rapidly with increasing wavelength, 
scatter in the spectrometer tended to give spuriously high 
transmission readings. I his effect was minimized by using as 
the detector a lead sulphide cell, which was sensitive only to 
wavelengths less than 3 jx. Ibis detector determined the long 
wavelength limit of the measurements. 

1 he \aluc of the thickness was found bv weighing the films. 
1 he nomina! density ol tellurium is 6-23 g/cm^, but the value 
ibr an evaporated film is inc\itably somewhat lower. A 
measurement by Brai i ain and Briggs (,1949) ^ germanium 

film showed that the tlensity was onh' 1 per cent less than the 
bulk density. However, the long wavelength value of refractive 
index obtained by these workers is 7 per cent greater than the 
precise \alue obtained by Briggs if would seem 

probable that the major source of error was the determination 
of iilm thicknesses by weighing. Hence for germanium the 
density ol films can probably lie taken as 3 per cent less than 
the bulk density, with an error of h 3 per cent. Bv analogy 
the specific gravity ol tellurium films will be taken as 61 


± 3 per cent. 
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The absorption A is defined by the relation 

Incident radiation 

^ _ -—;— = 

Transmitted radiation 

where A" is the absorption constant in cm“^. Measurement of 
the incident and transmitted energies thus gives AT directly, if 
the thickness d is known. Some correction must be applied for 
reflection losses at the tellurium-air-sapphire interfaces. It was 
not convenient to measure these individually, but they may be 
estimated from the Fresnel formula R = [(«i— ^2)/(^i+ ^2)]^* 
Hence for air-sapphire, with n = 1*7, 7*5 per cent; for 

air-tellurium, with n ^ 5-5, 4^ cent; for sapphire- 

tellurium, i?3= 28 per cent. It may be remarked that the full 
formula for reflection involves the absorption index k = A'A/47r*. 
However at 3ii. (using the value of absorption constant quoted 
later), k = o*6, and inclusion of this term only increases 
the reflection coefficient by \ per cent. At 2 ix the reflection 
coefficient would be 6 per cent greater, with negligible effect on 
the calculated absorption constant. At i n. it is estimated that 
k might be as high as 4 or 5, which would increase the reflection 
loss 1*5 : I. As the measured absorption at i tx was approxi¬ 
mately 1,000 : I for the thinnest film used, the correction 
would still have little effect on the absorption constant. 

From the product (i — R-^ (i — R^ (i -- R^ we see that 
the three reflections represent a total loss of 3 : i. In view of 
possible errors in this value and other possible insertion losses, 
only measured absorptions of 10 : i or more were considered 
satisfactory for the calculation of K. For very thin films the 
thickness was determined relative to a thicker film, utilizing 
the absorption equation in the form (i jd-^ log A-y={ild^ log A g. 
Thus a graph of log A^ against log A^ for various wavelengths 
(using values of absorption corrected for reflection losses) 
should give the thickness ratio djd2. Such a graph is shown 
in Figure 48^ where the ratio is 1*5 ; i. 

The resulting curve of absorption constant against A is 
shown in Figure 4g (curve A). It will be seen that at i (x the 
absorption constant exceeds 2 X io^cm“^. Such a high v^alue 
must be due to absorption in the main crystal lattice. The 

* See Appendix. 
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absorption falls rapidly with increasing wavelength to a value 
of at 2*5 fx. 

Experiments with slabs of tellurium ground very thin and 
polished, showed transmission measurements on bulk samples 
to be possible. At the longest wavelength used, I2^l, the 
absorption constant was only igocm-’. Results of bulk 
measurements arc plotted as curve B in Figure 49. It will be 
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Figure 4g [Reproduced by kind 
permission of the Physical 

Society) 

seen that the absorption is practically constant at long wavc- 
engths but that it rises rapidly as the wavelength is reduced 
below 3 5 p. riicsc measurements thus indicate the presence 
of an absorption edge in the region 3 p to 3-5 p, which would 
coincide appro.Mniatcly with the threshold wavelengtli of the 
photoconductive effect. Loferski and Miller (1951) have 

transmission of bulk tellurium. They 
estimate the absorption edge as 4-,> p. and have obtained 

as iiiui I as ->5 pel eeiil transmission through samples 
0-7 mm thick. ^ 

From ineauircments by Gibson (,950, ipso) on evaporated 
layers and single crystals of lead sulphide, it seems that the 
absoiption edge is not well defined in layei-s, possiblv as a 
losult of sonic scattering process. 
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Refractive Index 

The refractive index was determined by measurement of 
interference fringes. Reflection fringes were used in order to 
increase the ratio of maxima to minima, and to make measure¬ 
ments with backing plates possible at longer wavelengths. The 
plates used were discs of artificial sapphire for which the 
reflection is low except for wavelengths between 11 (x and 13 [x. 
Using a rock-salt prism monochromator and thermopile 
detector, fringes could be plotted for wavelengths up to 14 (x. 
For wavelengths less than 3 jx, increasing absorption rendered 
the fringes insignificant. 

The frequencies f of the reflection minima are given by 
2nd cos 9 = Mjf where d is the film thickness, n the refractive 
index, M the order of the fringe, and 9 is the angle between 
the normal and the direction of a ray inside the film. All the 
measurements were carried out near normal incidence so that 
cos 0 = 1, (It may be noted that with such a high refractive 
index, even an angle of incidence of 30° would reduce cos 9 by 

only^percent.) Hence 2y = X^//,= (jV+ i)//,= iKA-A). 

Now fz—fi is the fringe separation, which for a typical 
film was found to be 237 cm“^ in the non-dispersive region. 
Hence 2nd 42 jx. More accurate values of 2nd may now be 
obtained by inserting the relevant integral values of JV, as 
shown by Table XIL The thickness of the film was 4-0 fx, this 
being the value used in calculating n. 


Table XII 


N 

/ 

cm-* 

A 

microns 

1 

1 

> 

2nd 

1 

n 

3 


1 

! 

^39 


4 

1,004 

9*97 

39*8 

! 4*97 

5 i 

1 

L245 

8-03 

40* I 

5*01 

6 

L477 

6*77 

40*6 

5-08 


minimum near 770 cm“^ is still in the region of 
high reflectivity from the sapphire^ and is thus only approximate 


The main error in the results lies in the determination of the 
thickness, due to uncertainties in the value of the density, as 
discussed previously. There is relatively little error in the 
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dcteriuination of values of 2nd. Hence, to plot a representative 
dispersion curve, the values of refractive index in the lOti 
region have been averaged, and all the results then normalized 
to this average value by correction of the measured values of d. 
riic composite curve thus obtained is shown as Figure 50a. It 
may be seen that there is high dispersion at 3 (x, but that 
the index has become practically constant at the longer 
wavelcngtlis. 

Plotting a dispersion curve in the form i) = a ~ /i/A- 

(using the values taken from the smooth curve of Figure 50a), 
gives a straight line as shown by Figure job. From the graph 







Figure jo {Reproduced hy kind permission of the Physical 

Svi iclj} 


the values : (> 04-) and b = 010 arc obtained, and on 
extrapolating to i/A — o, \vc find 11^ = 4*8. This is a remark¬ 
ably high value of refractive index (considering that it is for 
the non-dispersive region) and is much higher than any other 
known refractive index*. This figure is presumably the mean 
of the two indices for tlic two crystal directions. 

Measurements have previously been made of the refractive 
index in the visible region by rcllcction methods using polarized 
light (Miller, i9,>5; Van Dyke, 19:^2). The values found 

* It lias recently been reported by Avury (1951) that the refractive index of 
PbTc is approximately 5 * 3 . 
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lie in the region of 2*0 to 3*5. Such measurements arc 
inevitably susceptible to the precise state of the surface of the 
specimen, and may be inaccurate for this reason. However, 
since the main lattice absorption band lies largely between 
the visible region and the infra-red region where the inter¬ 
ference measurements were made, the refractive index should 
be greater in the infra-red, so that the two sets of measurements 


are not necessarily in disagreement. 

It may be noted that Coblentz (1911} has measured the 
reflectivity of tellurium in the infra-red. The very high values 
obtained (^50 per cent) are in reasonable agreement with 
« = 5 on the basis of the Fresnel reflection formula. Fragstein 
(1933) records reflectivities of more than 50 per cent. 

From the results of Miller (1925) and Van Dyke (1922) 
the absorption {i.e. the imaginary part of the dielectric constant) 
rises steadily from 0*3 to o-6 As only one point was 
measured beyond o-6 tx, it is not certain where the maximum 
absorption lies, but it is probably at A > o-6 p. This is a very 
long wavelength for an absorption peak, and it would indicate 
that at not inconveniently short wavelengths (i.e. ^0-2 u.) 
ellurium should be relatively transparent again, and hence, 
according to standard optical theories, should have a refractive 
ndex of unity. As the refractive index of tellurium is so high, 
V-^ interesting to check it by precise prism measure- 

it is ^ j ^nd Miller (1951) 

samnl ^ adequate transmission can be obtained through 

an 7 • aT-r ' "‘"■S"'’ ” »f ■ ™ X . cm fa?. 

ana 5 angle is possible. 

“P^^ental difficultie., in the way of 

resistivitv^onh “"stant at radio frequencies. The 

(«)) where n ‘ ^ lo'v that the angular frequence 

2d to the “ reactance 

eSivden ro given by ../q. = with . 

' = stand about i mm wavelength), for 

to carry ou^t "in' ' Present time it is feasible 

lower than 2 k frequencies 5 to to times 

<r is lower n ’ cooled specimens, where 

obtained. ’ dielectric constant might be 


P.E .-15 
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21.7. SUMMARY AND CONCLUSIONS 

When prepared in a sufficiently pure state, tellurium layers 
and single crystals are intrinsic semiconductors at room tem¬ 
perature. The conductivity is anisotropic, being twice as great 
along the c axis as perpendicular to it. At room temperature 
the conductivity along the c axis is approximately 3 
Photoconductivity occurs in evaporated layers, but only to 
a significant degree when the layers are cooled with liquid air. 
An increase in photosensitivity of as much as 250,000 times 
has been observed to occur on cooling from room temperature 
to jfK. It is interesting to compare the sensitivities of the 
best tellurium cells with conventional radiation detectors. 
Daly and Suiuerland (1949) S*ve the following limiting 
sensitivities for unsclective radiation detectors: 


Bolometer (semiconducting) 10 “® \V 

Bolometer (superconducting) ^lO-'MV 
Golay Cell IQ-s W 

Thermopile 10-10 


The best tellurium cell described, which had a limiting sensi¬ 
tivity of 1*2 \ 10"’® W, is thus similar to the best thermopiles, 
and probably superior to bolometers (except the supercon¬ 
ducting type) and pneumatic detectors, within its spectral 
langc. 1 he response times of the photoconductive process were 
found to lie in tlie range 300 to 700 sec at liquid air tem¬ 
peratures, lalliug by a factor of 3 at solid carbon dioxide 


temperature. 

The relation between the a.e. signal output from the cell 
and the d.c. current passed tlirough the cell, was found to be 
lineal in the cases measured. Ihc law' between the cell signal 
and power incident on tiic layer was investigated, and in all 
cases the response was linear at low signal levels. At higher 
levels the signal became proportional to (Power)'. 


Activation Emigy 

Fiom measurement ol the spectral distribution of photo¬ 
conductivity on nine cells the average value of the optical 
activation energy was found to be "0-37 v\\ the Aj values 
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ranging from 3-15 to 3-45 From Hall effect and conduc- 

tivity measurements the thermal activation energy lies in the 

range 0*34 to 0*38 eV. There is thus good agreement between 

the two energy values. Photoemissive measurements give a 

similar value of activation energy, and support the conclusion 

that the measured energy is in fact the width of the forbidden 

zone. Absorption measurements on bulk samples show an edge 

at wavelengths corresponding to quantum energies of 0*3 to 

0’35 which is therefore identified with the threshold of 
photoconductivity. 

The activation energy was found to decrease on cooling, in 
contradistinction to all other elements measured. The 
m^easurements of the energy shift [i.e. the temperature variation 
of the photoconductive threshold wavelength) were difficult, 
and only by working to the limits both in the experimental 
procedure and in the interpretation of the results obtained, 
was it possible to obtain definite values. The data are sum¬ 
marized in Table XIII. From the table the average energy- shift 
is dEidT = -f- 2 X lo-W/^C. 


Table XIII 

Cell 

number 

1 

Wavelength 

Shift 

1 

' Energy 

' Shift 

eV 

Temperature ' 
range ' 

°C 1 

cYfC 

X 10-^ 

3 

0-17 ; 

I 2*2 X I0-- 

105 

-f- 2*1 

4 

0*17 1 

1-8 X 10-2 

84 

+ 2*2 

5 

c 

0-13 i 

1*9 X io- = 

105 

1-8 

0 

0-13 i 

1*4 X 10-2 

84 

-f 1*7 

9 

_ f 

0*21 

2*3 X 10-2 

118 

+ 1*9 


ese results may be compared with measurements carried 
ou on tie change of resistance with pressure, which has been 
measured by Bridgman(i 938) for pressures up to 30,000 kg/cm^, 
e resistance at this pressure being less than i /500 of its normal 

a^H^^ were made at two temperatures (30°C 

n 75 C) and hence, as pointed out by Bardeen (1949), the 
erma activation energy may be calculated at any pressure 
e assumption that the sample is in the range of intrinsic 
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conductivity. This latter condition is not fulfilled at the lowest 
pressures, but the value of 0-37 cV found from other measure¬ 
ments may be used for the zero-pressure activation energy. If 
the energy values so obtained are plotted as a function of the 
dilatation (Bridgman, 1940) corresponding to the applied 
pressure, Figure 5/ is obtained. It will be observed that the 
graph is an excellent straight line even down to an activation 
energy of 0 02 cV, so that the change of activation energy is 



Figure 5/. Pressure dependence of 
activation energy for tellurium 


directly proportional to the dilatation. From the slope of the 
curve, the energy shift is S£/(Sr/r) = 0*035 oV per i per cent 
dilatation. The value of the energy shift found from the optical 
measurements can also be put in terms of dilatation, taking the 
coefificient of thermal expansion as 817(1'. 87 ) = 53 x lO"® 
(Bridgman, 1925). Hence from the optical data 
8£ I 8171 ) ^ 0*036 eV per i per cent dilatation. There is thus 
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close agreement between the two values found by the different 
methods, so that the change in activation energy must be 
determined almost entirely by the dilatation, the lattice 
broadening effect being relatively unimportant in tellurium. 

Using equations 56 and 57, with the value of the sound 
velocity deduced by Shockley (1951) from the compressibility, 
i.e, pc^= 0 '^ X 10^2 dynes^ cm" 2 ^ we can calculate the shift 
contributions of the full and conduction bands. With the 
mobility values found by Fukuroi et alii (1949-50) of = i, 100 
and b,~ 1,650, the contributions from dilatation only should 
be 0*9 and 0*74 X io“^eV/°C, Taking both shifts as positive as 
suggested by Shockley gives {dEjdT)^= + 1-64 eV/°C, which 
compares favourably with the observed value. 
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22 . 1 . GENERAL PROPERTIES 

Iodine forms strongly doubly refracting crystals which belong 
to the rhombic system. Wahl (1913) found no evidence 0I' 
a transition on cooling to — iBo' C, and concludes that this 
rhombic form is stable at all temperatures. The crystals arc 
molecular in nature, the L molecules being bound by van der 
Uaals forces to form the solid (Rice and Teller, 1949). The 
intra-rnolccular distance is almost the same in the solid 

(2-70 A) as in the vapour ( 2-65 A), while the distance between 
the molecules is at least 3-54 A 1 \Vv(.koff, 1948). 

The thermal expansion is extremely high, being 250 X io~® 
loi the volume cocflicicnt at liquid air temperature and 
220 X 10 o\'cr the range liom room temperature to the 
melting point at 114 ‘C;. 'I his property tends to make backed 
layers rather unstable. The vapour pressure is also high, even 
at room temperature; being 0 2 mm Hg at 20°C, and 

2 mm Hg at iGmelin, 1933). 'Fhe material is thus 

pumped away very rapidly in a \ acuum system. 

Little information has appeared in the literature so far 
concerning either the conductivit)- or photoconductivity of 
iodine. Expel imcntal measurements of these properties have 
now been made on both melted and evaporated layers. 


22.2. PREPARAMO.N OF SPECIMENS 

I;oi- measurements on melted samples, the eells used were 
simple tubes with flat depressions into whieh the molten iodine 
w.is allowed to run isee riotir,’ ijc). Graphite eleetrodcs 
painted m the eentre of the depression made contact wiUi the 
lodmc and with glass covered tungsten leads. Resublimed 
iodine was used to form the layers. Because of the high vapour 
picssuic ol iodine, prolonged pumping or outgassing was not 
possi c. Ihc cells ^\■crc pumped for approximately one 
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minute with a mechanical backing pump, and then sealed off. 
The iodine was melted by placing the cell in an oven, and 
allowed to flow into the depression to form layers ^ mm 
thick. The vapour in the cell was condensed into the depression 
by cooling the latter with an air jet before the rest of the cell 
cooled. Cells made in this manner had resistances ^ lo® at 
room temperature, and showed considerable a.c. and d.c. 
photoconductivity. 

For evaporated layers, Dewar flask type cells similar to that 
shown in Figure /^a were used. The evaporation was carried 
out with the cell sealed off after pumping for one or two 
minutes. The inner part of the Dewar flask was water cooled 
(or ice cooled) while the cell was heated in an oven. The layer 
thicknesses, estimated from the amount of iodine evaporated 
and the area of the layer, were about 0-05 to o*i mm. 
Evaporated cells showed greater d.c. sensitivity than the 
melted layers, it being possible to double the conductivity by 
the light of a 100 AV lamp, 

22.3. PHOTOCONDUGTIVE MEASUREMENTS 

Cell I 

This cell was the melted layer type, of thickness 0-5 mm. It 
was found that if potential differences much in excess of 10 V 
were used across the layer the resistance began to drift, but in 
t e range 1*5 to 10 V Ohm’s law was obeyed quite closely, 
^it a lesistance of 90 MD at i9°C. As the layer area was 
o X I mm 2 , the specific resistance was 27 x lo’Qcm. The 
3.C. p otocurrent, produced by monochromatic radiation of 
55 wavelength chopped at 80 c/s, was measured for the 
same range of currents. The results showed the a.c. signal to 
e proportional to the d.c. current through the layer. 

easurements ol spectral sensitivity were carried out using 
relation chopped at 80 c/s, in conjunction with a tuned 
p I er. Lithium fluoride was used as the prism material in 
e spectrometer. In order to plot the peak of the sensitivity 

necessary to extend the measurements to below 
ot^ ^nilst at long wavelengths suitable signals were 

^ w'avelength of 1*17 [i. The resulting spectral 
1 ivity curve, plotted as (a.c. signal)/(incident intensity) on 
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a logarithmic scale, is shown in Figure 52a, It will be seen that 
the results cover a range of 5,000 ; i in sensitivity. Two bands 
of sensitivity appear, the first having its peak at 0*45 ji, after 
which the curve falls exponentially over a range of 50 : i. 
7 he second band is only about i per cent of this main band, 
but is quite clearly defined and again has an exponential fall. 
1 he Aj values are 0 53 for the first band, and 0-93 [l for the 
second band—the latter figure being determined by sub¬ 
traction of the extrapolated tail of the short wavelength band, 
as shown by the broken line. The optical activation energies 
for this layer arc thus 2*3 cV and 1*33 cV. 



Wavelength 


Figure 51’. Spectral sensitivit)' curves for iodine 


7 'hc cell was not sufficicntlv sensitive to enable an accurate 


measurement of its response lime to be made. However, an 
upper limit was estimated by passing the cell signal through 
an untuned amplifier followed by a homodync detector. As 
the speed of tlic chopper was decreased it was found that there 
was no cliangc in the signal amplitude. Hence the signal 
must have reached its full amplitude in a time considerably 
lc^s than the duration of a pulse of radiation through the 
chopper/.c. < 6 ■. io“^scc. As less than 10 per cent amplitude 
variation was obwvcd then r < 3 \ lO'^sec. 
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Cell 2 

This cell was of the evaporated type. It was more stable with 
applied voltages than the first iodine cell, and measurements 
with fields of up to 2,000 V/cm were made. The results 
showed that Ohm’s law was obeyed over the whole range ol' 
applied voltages, giving a layer resistance of 8-5 x 10^ i>. 
The layer thickness was estimated to be about o*i mm, giving 
a specific resistance of 5 x io®Dcm. This is much higher 
than for the previous cell and may well be due to the additional 
purity of this layer by virtue of it being distilled in vacuo, and 
not simply melted. 

The spectral sensitivity of this cell was measured in the 
same manner as for cell i. As shown by Figure j2h the 
sensitivity again varies over a wide range between 0*4 and 
i‘2 y.. The two bands of sensitivity are clearly defined, the 
second peak occurring at a wavelength of 0-87 and being 
approximately 2 per cent of the amplitude of the main band. 
Both bands show exponentially falling sensitivity with wave¬ 
length. The Aj values are 0*51 (i and o-gg \i. 

Cells 

This cell was made by distillation, using ice-cooling. The 
bottom of the inner part of the Dewar flask was maintained 
at o°C during the subsequent measurements to reduce evapora¬ 
tion of the layer. The cell resistance at o®G was 7-5 X io^° D. 
From the amount of material used and the layer area the 
thickness was estimated to be ^ 1/20 mm, giving specific 
resistance ^ 4 x 10® D cm. 

The spectral sensitivity curve was measured under the same 
conditions as for the previous cells, except that the layer was 
maintained at o°C. The results again show two well-defined 
bands, with the long wavelength band of sensitivity about 
I per cent of that for the main band. The edge of the main 
band falls exponentially over a wide range. From the curve 
the two threshold wavelengths are A^ = 0*50 and o*gg 

Cell 4 

The iodine was again distilled on to an ice-cooled surface, 
forming a layer of 3 x 10® Q resistance. The layer was 
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maintained at o®C whilst the spectral sensitivity curve shown 
in Figure was measured. The results are again characterized 
by two bands of photoconductivity with the second band 
about I per cent of that of the first band. Both bands show 
exponential falls fur a range of about 50 : i in sensitivity. The 
thrcsholrl wavelengths lie at Aj = 0*51 (x and 0*97 \i. 

Cell 5 

I'his cell was of the simple tube type, as for the first cell. The 
electrodes were 7 i mm-, and the thickness o*8 mm. After 
cooling to the resistance was ri x 10® Q. The cell 

was filled with nitrogen at atmospheric pressure to reduce 
evaporation of the iodine, and rescaled. On measuring the 
resistance again it was found to have changed only to i *2 X10® a, 
so it was considered that the introduction of the nitrogen had 
not influenced the layer properties significantly. Both the 
dark current and a.c. photocurrent were found to be propor¬ 
tional to the applied d.c. voltage for this cell. 

'I he spectral sensitivity curve was plotted at room tempera¬ 
ture with the experimental details as before, the results 
obtained being shown in Figure 5.?d. The curve is similar to 
the earlier ones, although the long wavelength band is not so 
wcW defined as for the majority of the cells. The threshold 
\vavelengths—found by subtraction as shown by the broken 
line in the case of the long wavelength band—arc Aj = 0-53 |i 
and 0'()i tz. 

With this cell it was Just possible to measure the response 
time using a pulse of radiation from a neon lamp, although 
even under optimum conditions the signal-noise ratio was 
only 3 : i. The lime for the signal to decay to half value 
was found to lie between 200 and 300 |i sec. Hence for an 
exponential decay (as expected), t ~ 300 to 450 ft sec. 

The intensity dependence of the a.c. photocurrent was 
observed over a range of intensities of 4,000 ; i. Two sources 
ol' ra(liali(m were used, a 2 AV lamp for measurements at low 
lc\ cls, and a 73 AV lamp to give high intensities. The obsciTcd 
cell outputs are plotted as a function of the incident power in 
Figure 55, curve /I. It ^vill be seen that over the lower power 
region the points lie well on a line of slope unity, indicating a 
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linear variation of signal with power. At the higher intensities 
the signal increases less rapidly than the power, Aleasurements 
taken with the 75 W source are plotted in curve B. Here the 
slope of the curve is steadily decreasing, until at the highest 
intensities the points he near a line of slope 0*5. These results 
are thus in agreement with the theory of photo-response given 
in §6.1. From comparison of the signal magnitudes with those 
obtained in the spectral sensitivity measurements, it is eon- 

cluded that for the latter the layer would be operating in the 
linear region. 




Figure 54. Resistance 
of iodine 


22 . 4 . resistance—TEMPERATURE MEASUREMENTS 

For these measurements, cell 5 had the end containing the 
layer immersed in a bath of mercury. The cell leads were 
clear of the bath, one lead being glass covered for a considerable 
length to give good insulation against surface leakage. A 
Chromel—Alumel thermojunction was placed in the mercury 
immediately ^below the layer. The mercury was initially 
heated to 8o°G, little evaporation of iodine occurring at this 
temperature because the cell was filled with nitrogen. Readings 
were taken during the slow cooling from 7o°C to room 
temperature. Over this temperature range the resistance 
varied by about 200 : i, as shown by Figure 5^, where 
og (resistance) is plotted as a function of reciprocal tempera¬ 
ture. All the points lie on a straight line of slope 0-62 eV, 
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which leads to a value of thermal activation energy of r24 eV. 
Tills value is in close agreement with the optical activation 
energy found for the long wavelength band of photoconduc¬ 
tivity, namely 1*3 eV. 

If for the conductivity we put a = then with 

E = I -24 eV and a — 10® cm“^ at 3i2°K, we find (Jq = 100. 
'I'his indicates a value of mobility of ^ 25 cm sec"'/V cm“^, 
which is a reasonable value for a polycrystalline layer. The 
only measurements of resistance at different temperatures to 
be found in the literature arc those of Pochettino and 
Fulcheris (1923). Their values, if plotted as log (resistance) 
against reciprocal temperature, give a fairly good straight 
line, indicating an activation energy of ^ 1*9 cV. These 
measurements however, arc not self consistent as they lead to 
a value of Oq — 10", which is clearly impossible. 
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OPTICAL PROPERTIES OF IODINE 

Absorption 

Fransmission measurements on tliin films of solid iodine 
have been carried out by Coblentz {1903), Bovis (1927) and 
Hilsch and Pome (1928). All these workers used films made 
by melting iodine between glass or quartz plates. By this 
means films onlv a few microns thick can be obtained. Values 

0 

of absorption constant calculated from the data arc plotted in 
Eigure jj. 'Flic curve has a broad maximum in the ultra- 
\ iolct, with tlic relatively small peak value of 1*5 X lo^cni"'. 
For wavelengths beyond i p the transmission is high even for 
layers of 1 mm thick, and the long wavelength absorption 
edge may be taken as somewhat less than i [x. This value is 
lluis in agreement with the long wavelength threshold of 
photoconductivity. Fhc broken curve in Figure 55 shows 
results obtained by Meier (1910) from reflection measurements. 

Botli Coblentz and Bovis found that if polarized light was 
used the absorption was greatly dependent on the plane of 
])olarization. 'Fhc directions of the crystal axes were not 
known, but observations were made with the plane of polar¬ 
ization set alternately for maximum and minimum absorption. 
At o*5.| p tlie absorption constants for tlie two conditions were 
found to be 8*2 X 10^ and 3*1 x lO'^cm’b The relative 
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magnitudes of the absorption were found to be reversed at 
i-i (z i.e. the plane of polarization whieh gave maximum 
absorption at 0*54 jz gave minimum absorption at i-i fz. 

These data therefore emphasize the marked optical aniso¬ 
tropy of the crystals, and indicate the presence of two absorption 
bands (corresponding to different crystal directions) which 
may be related to the two bands of photoconductivity. Hence 
using a single crystal and polarized light, it might be possible 
to separate the two bands of photoconductivity, or at least to 
alter the relative contributions from the two bands. 



Figure jj. Absorption in iodine 


It has been observed by Bovis (1929) that a layer of iodine 
0*1 mm thick transmits radiation of wavelength > 0-67 fz 
when cooled to 20°K. From the data of Figure 55, a film of 
this thickness at room temperature would transmit < i per 
cent at 0*85 fz. We may thus assume a shift of at least this 
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.imoimt (i.e. 0-4 rV) for .1 tcmpciaturc change of 27o"*C. 
Hence dE/dT ~ — 15 :• io'*cV/''C:. This is a very high 
figure compared witli the other elements, possibly as a conse¬ 
quence of the extremely high coefficient of expansion possessed 

example, cooling to 2o°K would give 
about 2 per cent linear contraction of the lattice, which is of 
the same order as the difference in intra-molecular spacing 
between the solid and the gas. 


Refractive Index and Dielectric Constant 

There are several measurements of dielectric constant and 
refractive index quoted in tiic literature, with considerable 
discrepancies among the values quoted. For the dielectric 
constant, Sciii.undt (1901) gave 10-3, while Schmidt (1903) 
gave 4 0. For tlic refractive index, the results of Meier (1910) 
sliow tliat the value rises steadily from the ultra-violet to 

where n = 3-34 and is apparently approaching a 
maximum. I'his latter wavelength is still in the region of high 
absorption, wliich explains why the index is still rising with 
wavelengtii. Itshould of course fall again at longer wavelengths. 
Using equation 16, Meier’s data give satisfactory agreement 
when I'o — 6*4 X lo^* and y = 3*3 x io*V/s, Extrapolation 
to V 0 tlien gives the refractive index 3-0. 

from work on solutions of iodine, Damien (1881) and 
Hurion (1877) deduce values of 2'ii and 2*08 respectively, 
ibr A 0-656 |i, CoiiLENTZ (1903) made measurements on 
thin prisms of solid iodine, and found // = 2-07 at 0*65 \l. 

I here is thus agreement between the value of Coblentz, the 
estimated values of Hurion and Damien, and the dielectric 
constant of Schmidt. The results of Schlundt and ^^cicr (the 
latter being the most thorough set of measurements) agree in 
a value near 3 for the long wavelength refractive index. The 
( xjilanation ol the diflerence may lie in the great anisotropy 
.md marked double relraction of the material. Coblentz states 
tiiat the double relraction is at least 0*5. If the value were 
about unity, then measurements in different crystal directions 
might give the twt) sets of results observed. It seems possible 
therefore that iodine has two refractive indices, being approxi¬ 
mately 2 and 3, lor long \vavclengths. 
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22 . 6 , SUMMARY AND CONCLUSIONS 

There is little data published in the literature on photo¬ 
conductivity in iodine, although both Coblentz and Eckford 
(1923), and VoLMER (1917), had observed that the effect existed. 
Both workers were unable to plot spectral sensitivity curves, 
although Coblentz with the aid of filters, was able to estimate that 
the maximum effect was in the region of 0-5 fz. Bergmann (1932) 
observed a slight photovoltage in solid iodine, but again no 
specific results are given. 

The measurements now described establish that pure iodine 
layers are very photosensitive, and that the effect occurs with 
a time lag of only a few hundred microseconds. Quantitative 
measurements of the variation of a.c. photocurrent with 
applied field and intensity of irradiation show linear relations 
over a small range. At high illuminating intensities, a 
(Power)* law is obeyed. 

The spectral sensitivity measurements show two well-defined 
bands of sensitivity in all layers (whether melted layers 
^ I mm thick, or evaporated films), with maximum sensitivity 
at 0*46 ji. Close agreement is found between the threshold 
wavelengths for the different layers. The values correspond 
to optical activation energies 2*4 eV and 1*3 eV with a 
maximum deviation of 4 per cent. The relative intensities 
of the two bands are similar in all layers, the long wavelength 
band being approximately i per cent of the main band. The 
temperature variation of activation energy is estimated as 
dEldT = - 15 X io~^cVrC, 

Regarding the significance of these two optical activation 
energies, it seems probable that the 2*4 eV value is related to 
the intra-molecular energy of the 12 molecules in the solid. 
Measurements of the absorption spectrum of iodine vapour 
show that there is a well-defined absorption limit at 0*50 
or 2*5 eV (Rice and Teller, 1949). This is very near to 
the value for the optical activation energy found above. As the 
intra-molecular distance varies little from gas to solid, so the 
intra-molecular energy in the solid state would be expected to 
be only slightly less than that in the gaseous state. This sugges¬ 
tion therefore fits readily with the experimental results. The 
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kiwcr activation energy is likely to be associated with the 
attiCT as a whole, corresponding to the band to band transitions 

crystal structures. 

suggestion that such behaviour would be expected in 
molecular crystals was put forward by Seitz (1940). 

from the slope of the resistance temperature curve the 

thermal activation energy is found to be 1-24 cV, in close 

iigreemcnt with the lower value of optieal activation energy. 

he specific resistance for melted layers is ~ lo^ fi cm which 

IS about the same as the early value given by Exner ’(1882) 

for evaporated layers the specific resistance is considerably 

iig ter, probably as a result of increased purity produced by 

the vacuum distillation, the value being ~5 x io*Qcm at 

20°C From the specific resistance and activation energy the 

mobility of the carriers is estimated to be ~ 25 cm scc-'/Vcm-i 

Consideration of the data in the literature indieates tha^ 

there are two relractive indices for solid iodine, with values 
near 2 and 3. 

It IS concluded that solid iodine is a semiconductor with a 
iatticc actu ation energy of i'24 to 1*3 c\^. 


240 



23 


DISCUSSION 


23.1. OCCURRENCE OF PHOTOCONDUCTIVITY 


Photoconductivity has now been observed in most of the 
elements which are not metals and which have a high refractive 
index {i.e. greater than about 2). Measurements of the spectral 
distribution of photosensitivity have been made on the elements 
boron, carbon, silicon, germanium, phosphorus, arsenic, 
sulphur, selenium, tellurium and iodine. For antimony, 
although such measurements have been carried out, there is 
still doubt whether the effect observed is bolometric or photo- 
conductive. Photoconductivity has not yet been observed in 
grey tin, but study of the other properties of this material makes 
it seem probable that photoconductivity would occur under 
appropriate conditions. 


Table XIV shows the part of the periodic table containing 
the photoconductivc elements. By each material is given the 
value in microns. It will be observed that the wavelengths 
always increase on proceeding either from right to left, or 
downwards, through the table. Thus in a given column, the 
wavelength increases with the atomic weight; whilst in a given 
row, the wavelength increases with the negative valency. 


23.2. GENERAL PROPERTIES OF THE 

PHOTOCURRENT 

For the variation of photocurrent with applied voltage (or 

field) the relation is found to be linear, at least at low voltages. 

or the relation between the photocurrent and intensity of 

irradiation, all the elements have been found to give a linear 

aw at low intensities. For most of the elements a (Power) ^ 

aw holds at high power levels. For phosphorus and selenium 

comp ex laws have been observed, but for measurements with 

monochromatic light the behaviour is found to fit the simple 
relations. 
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'I’hc response times of the photoeoiiductors have been 
estimated witli varying degrees of accuracy. For diamond 
T ~ 10 ® see and for amorphous selenium t < 50 (xscc. Values 
in the range 100 to 1,000 [isec have been generally found 
foi Si, Gc, As, le and I. For boron, sulphur and phosphorus, 
one can only say at present that the values arc less than 
3 X 10 0*1, and one second respectively. 

Table XIV 



* P *9 t 




: 5 . COMPARISON OF THERMAL AND OPTICAL 


ACTIVATION ENERGIES 

I' or the niaj(,rity of the elements the agreement between optical 

obtai e 7 r‘‘ is very good. The cnlues 

tlm vtW I ’/' r i” • In addition to 

iic \ allies lound from photocondnctiviiv and resistance- 

he'w'm ' "’.'■f approximate ^•ah.es deduced from 

1^ pcuhe resistance (when this resistance is suflicientlv high 

measm-en? c ‘^ncl from photoemksiVe 

, *' Ihe last Column shows values of 

the temperature shift of activation ener- 

4 
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THERMAL AND OPTICAL ACTIVATION ENERGIES 

It will be seen that for seven of the elements the two energy- 
values agree within 5 per cent. For the other three elements, 
the difference between the average values of the two energies 
is still less than the scatter about these average values. It is to 
be concluded therefore, that for all the photoconductive 

elements, the optical and thermal activation energies arc 
substantially the same. 


Table XV. Agreement between Thermal and Optical Activation Energies 


Element 

1 

1 

Photo- 

1 conductivity 

Resist.] 

Temp. 

Sp. 

Resist. 

1 

Photo¬ 

electric 

% 

Shift 

(io-W/°G) 

Boron 

1 

o* 96 -p 27 

O'88-i *28 

1*0 

1*0 


2 to — A. 

Diamond 

i 5‘3 

5*2 ± 0-3 

5*8 



2 

Silicon 

Germanium .. 
Phosphorus .. 

' 1-15 

0*73 

I- 39 - 1 -56 

1-13 

0-74 

I- 5 I-I -64 

1 

1 


4 ± I 
- 3 

Arsenic .. : 

Sulphur 

Selenium ., ! 

I'2 

2*4 

(a) I * 5-1 *9 

1*2 

2*6 

I *7 

i*i 

2*5 

1*0 


5 

— 10 

4 to — 6 

Tellurium .. i 
'Iodine 

(A) 2-5 

0-37 

1-30 

2*3 

0*36 

1*24 

*•35 

0*36 

+ 

A 

-7 

2 

- 15 


(d) Red or metallic selenium (6) Amorphous 


No difference in the activation energies should occur in 
consequence of the Franck-Condon principle provided the 
polarizabilities at high and low frequencies are the same, and 
ence c = By correlation of various measurements 

reported in the literature, it is established that for sulphur, 
lamond, and phosphorus, this relation is correct to i per 
cent. Also for germanium, agrees with the value of dielectric 
constant derived from conductivity measurements. 

Estimates of the temperature dependence of activation 
energy are given for nine elements, the information being 
enved from various types of measurement. It is found that, 
with the exception of tellurium, all the shifts are negative i.e. 
t e energy gap decreases with rising temperature. 
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23 - 4 * relation between activation energy 

AND other properties 

It has been shown that for photoconductivc compounds there 
are theoretical reasons and experimental evidence for a relation 
between the threshold wavelength of the photoconductivc 
ehect and the refractive index, namely = constant. It is 
of interest to see if a similar relation exists for any of the 
elements; particularly for the carbon-silicon series which all 
have the same crystal structure. To be more specific, the 
dielectric constant (c) and activation energy (£) are considered, 
■so that the relation = constant would be expected. The 
values are given in Table XIT and arc seen to lie within 
:l: 8 per cent of 173, while E varies by more than 7 : i; so the 
agreement may be considered relatively good 

/ I » * 


Tnblf XVI 


Elemetil 

E 

f 

Ei- 

diamond 

.v:i 


170 

Silicon 


11-8 

180 

Germanium 

<'•73 

160 

i8ti 


A unher estimate of may be made for silicon carbide 
winch althougli a compound, is clearly similar to the above 
elements in that it is non-polar, and crystallizes in the same 
tetrahedral lattice (except that each atom of one element is 
surrounded by 4 atoms of the other element)*. Measurements 
ol photoconductivity have been made on SiC bv Losev (1040) 
from whose results A, = 0-35 h, and hence the activation eneVy 
IS 3*5 cV. Refractive indices are given by iMERWiNt, which 
on extrapolating to zero frequency give ;i„ = 2-57 and 2-60. 
i akmg the dielectric constant as the product of'these indices 

~ ' 7 ' ‘‘ttd Ee-~ 160. Thus this value also lies 
within the range 173 8 per cent. We mav therefore conclude 
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that for this series of materials, the activation energy varies 
inversely as the square of the dielectric constant. 

The refractive index is not known for grey tin—in fact very 
few parameters are known for this material. One of the few 
data which has been measured is the lattice constant, which 
is a = 6*49 A. It is of interest to find some way of plotting 
the observed activation energies for the whole series, including 
grey tin, in order to illustrate the progressive decrease. In a 
general way the interatomic distance will be representative of 



Figure ^ 6 , Activation energy and lattice 

constant 


the tightness of binding between the atoms, and the activation 
energy may therefore be expected to decrease as some fairly 
high power of the interatomic distance (or lattice constant, a). 
By trial it was found that plotting activation energy against 
on a semi-log scale was most satisfactory. From Figure ^6 it 
niay be seen that all five points lie very close to a straight line, 
so that we are led to an empirical relation between activation 
energy and lattice constant, E — 6*6 exp (— fl^/2,670). 

The fact that the point for grey tin fits on the line of 
Figure 56* shows that it behaves similarly to the other four 
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nuKcnals and hcncc \vc should expect it to obey the £.2 ~ 170 

I elation. Using this formula to estimate the dielectric constant 
gu cs e ^ 42 and = 6-5. unsiant 

for tlic remaining elements the value of £c2 varies widely 
within the columns of the periodic table. Considering thS 
nesc elements have different crystal structures, the ifck of 
constancy is not surprising. For the elements in general how- 

are'oh rcfractfve materials 

ev.mnrha Tellurium for 

dtieti^ a dm‘1 photocon- 

c iutHc at the longest wavelength. The photoconductive 

lie ref 7 7 'vStl! 

le icli active indices quoted for comparison. As will be seen 
hcT vafue'l to decrease a^ 

last element on the list, diamond. ® 


Tabu XVII 


Element Tc Gc 


B 


Si 


.\s 


I 


Sc 


S 


n 


3 - 3 

4 - 8 


'•7 11 ; 108 

40 >3 343 


I-0:1 : 0-96 0-85 0-8 0*5 
335 *^3 2-6 2-45 20 


0-23 

2*4 


As discussed in § 9.3, the frequency of maximum absorntion 
s chrectly related to die refractive index when this I IvLTlni 

(t5)Tn oufnV a.ssumption of a constant difference 

(£) 111 quantum energy between the threshold wavelength and 
.1^ wavelength of maximum absorption for all le S We 

With the values U = o Wd / - 7/;,'.''’'''“= ^ « 'constant, 

following energy value!:' ~ gives the 


Element 

Calculated Energy 0*37 

Obsened Energy 0'3G 


Gc 

0-75 

0*73 


Si 

1.12 

M 4 


/Vs 
MS 
1-2 
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of the effect of the shift of the absorption edge on refractive 
index. Consider a simplified absorption curve whicli is an 
isosceles triangle for 2nk when plotted against energy, with a 
maximum absorption of ‘ ^ ’ at energy £’q, and zero absorption 
at £'()d:y- Then, as given in §3.3, the refractive index (at 
zero frequency) is: 



which gives 


TT 




, . . (^Q + y) 


+ log 


For silicon, the observed absorption data would give reasonable 
parameters for the equivalent triangle as 35eV, 

y = 2 eV, and a = 27 approximately. With these values the 
calculated is 11-7, in good agreement with the observed 
figure. 

Now suppose that on cooling £"0 increases to £(j + A while 
y decreases to y — A i.e. assuming that the shift of the absorp¬ 
tion edge due to lattice broadening (A) is half the total shift 
of the edge (2 A), as is approximately true for silicon, then the 
change in refractive index is given by 


77 

2 = — (1 + EM log (1 - yV^o-) = ” 

Thus (n ^— nQ^)jnQ^= — o*8 A = — 0-9 AjE where E is the 
threshold energy for silicon i,€. 1-14 eV. 

Hence {n^~ — 1*8 AjE= — 0'9(2A/£), so that 

the relative shift of the absorption edge of 2 AjE is approxi¬ 
mately equal to the relative change in w*, as of course would 
follow if the £«'*= constant relation were obeyed. This calcu¬ 
lation therefore shows that the theoretical variation of refractive 
index is consistent (in sign and magnitude) with such a relation 
between refractive index and activation energy. 

It is to be concluded therefore that on the basis of informa¬ 
tion available at present, the parameter most closely associated 
with the activation energy is the refractive index, the corre¬ 
lation being particularly good for materials like silicon where 
there is no anisotropy, and where the absorption curve has a 
simple symmetrical form. 
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appendix 


OPTICAL INTERFERENCE AND 

refractive index 

material of refractive index n and thickness d. For an incident 
My of nn.t amplitude, if the reflection coefficient is r I 
and l are the transmission coefficients into and out of the 

iTe r"r«' "'I';,°fvarious reflected rays will 
4.,/’ ^ ^ ^ ^ transmitted rays t(* rHt' 

z. 

maximum on "" 'T P-duce a 

CideTce Lh T ‘'‘I'^o^t normal 

mcidence), svhere N is an integer. The total transmission 

At.= tt + r-tf d- rV/' -f. _ — r~) 

r 'r'’ maximum transmission is unity 

twcreim;'^ 

Jn reflection, when 2nd ~ N\ the net reflection is a minimum 


^0 = 


Similarly at 2nd 
with 


~r + rtf + r^//' -|- ,6//'. 

J _ ,-2 ) = 0 

= (2^+ 0^/2 the reflection is a max 


maximum 


//' 


2 r 


h" ''(* + ]~Tp ^-2 ) ~ ~ j 

ii'iZcdif i" Ae film 

nsiclcied. I he simplest w.av of inc-.^t..,i_• 


conside ed 1^ Im T absorption in the film 

consideied. I he simplest tvay of introducing absorption is 

• Tlu- arc given by ilu- squares of il.c amplUnda 
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APPENDIX 


assume a transmission of a for each traversal of the film. VVe 
then obtain for the amplitude of the transmitted ray for 
maximum 

a(l - /-2)/(I - 

and for minimum 

/„= a(l -r^)/(l + 

For the reflected amplitude, at maximum we find 

r„= —r(l + a2)/(l + aV) 
and for minimum 

r„= -r(l - a2)/(l _ a^r^) 

In finding the value of refractive index from interference 
fringes, there is the difficulty that in general the order of the 
fringe i.e. the value of jV, is not known. However, for con¬ 
secutive fringes we have: 

2 nd = 

2 nd = {N + 1)A2 

Hence 2nd{il\^^ == i? so that the value of 2nd may be 

obtained from the wave number separation of consecutive 
fringes. 

The intensity of reflection at a surface where interference 
phenomena are not of importance is given by the Fresnel 
formula R = r-= (n — i)“/(« + i)-, provided the material 
is not highly absorbing. When absorption is important, 
di = {(« — I)^ + ^“}/{(« + I) ^ + A:-} where /c is given in terms 
of the absorption constant (A') hy k = AA'/47r. The effect of 
absorption on the reflectivity is thus important for highly 
refractive materials only if A* -—' io®cm“^ or more. 


P.E .—17 
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Absorption {see also individual ele¬ 
ments), i6 
by free carriers, 19 
by impurities, 134 
theory, 16 et seq 
Acceptor levels, 8 

Activation energy {see also incli\idual 
elements) 

concentration dependence, 10 
optical, 31 

and thermal, relation of, 22 
from photoelectric lines, 34 
pressure dependence, 59 
refractive index, relation to, 61, 68, 
244 

temperature dependence, 57 et seq 
thermal, 11 

Allowed energy levels, 6 
Allowed transitions, 17 
Antimony, 173 et seq 
activation energy, 179 
conductivity, 174 
mobility, 175 
optical properties, 178 
response time, 176, 177 
spectral sensitivity, 177 
Arsenic, 158 el seq 
absorption, 169 

activation energy, 160, 171,246 
conductivity, 161, 165 seq 
mobility, 166 
refractive index, 167 
response time, 159 
spectral sensitivity, 31, 160 seq 


Band theory of solids 
Barrier 


> 5 


light emission at, 72 
photovoltage at, 52, 55 

theory of photoconductivity 41 et seq 
Boron, 78 et seq 
absorption, 89 

activation energy, 87, 90 el seq, 03 
conductivity, 87, 90, 91 
mobility, gi 
photo-emission, 94 
preparation of layers, 78, 84 
refractive index, 88 
response time, 81 

spectral sensitivity, 82, 85 et seq, 92 


Carriers, sign of charge, 11 
Compounds, threshold wavelengths, 62 
Conduction electrons, absorption by, 19 
Conductivity {see also individual ele¬ 
ments) 

semiconductors, theory for, 11 et seq 
temperature dependence of, theory 
for, 13 

Current-voltage relation 
boron, 83 
germanium, 130 
iodine, 231, 233 
photo-emission, for, 72 
rectifying junction, for, 51, 55 
tellurium, 214, 217 


Degeneracy, 11, 139 
Density of states, 9 
Diamond, 95 et seq 
absorption, 102 

activation energy, 100, 102, 103 
conductivity and Hall effect, 100 
energy bands, 7 
mobility, loi, 105 
photoconductivity, 26, 95 
quantum efficiency, 27 
refractive index, 102, 104 
spectral sensitivity, 99 
Dielectric constant {see Refractive 
index) 

Diffusion constant, 47 

effect on spectral sensitivity, 46 et seq 
Dilatation, effect on activation energy, 
59> 60 

Dispersion theory, 21 
Donor levels, 8 
Drift mobility, 12 


Effective rnciss, 7, 64 
germanium, 132 
silicon, 115 

Emission, photoelectric, 69 et seq 
of light at contacts, 72 
Energy bands, 5 et seq 
Energy gap {see Activation energy) 
Experimental photoconductive cells, 79 


Capture cross-section, 40 
Carbon {see Diamond) 


f number, 18 
Fermi level, 13, 52, 70 
Franck—Condon principle 22 
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Gurmanium. 11 7 f/ seq 
absorption, 20, 13*5 
activation energy, 126, 128, 131,246 
conductivity, 135 et sea 
Hall cfTect, 126 
mobility, 128 ei seq 
])hoU)conductivity, w^jet seq 
plioto\oltagc 53, 
refractive index, 13 ; 
response time, 122, 124 
spectral sensitivity, 120 
Grey tin, 136 et seq 
activation encrg>-, 138, 139, 343 
conductivity, 137, 13O 
Hall cfTcct, 138 
mobility, 139 
rcfracli\ c index, 24() 

Hall elfcct {see also individual ele¬ 
ments), II, 27, 29 
Holes, conductivity by, 7 

Impurity 
centres, 15, 64 
lonductivity, 13 
levels, 8 
scattering, 14 
Insulators, G 
absorption, iG 
photocurrenls, 25 
refractive index theory, 20 
Intensity dependence of phoiocurrcnLs 
{see also individual elements), 38. 
.J4 ct seq 

Interference, optical, 248 
Interstitial impurities, 15 
Intrinsic conductivity, 8 
Iodine, 230 et seq 
absorption, 23G 
activation energy, 239, 240 
conductivity, 235 el seq 
mobility, 23G 

photoconductivity, 231 el seq 
refractive index, 238 
rcsjjonsc time, 234 
spectral sensitivity, 232 et seq 

J uiMcn IONS, y/-//, Go, 122 

E.mi icl 
absorption, iG 

constant, activation energy relation 
to, 045 

imperlections, G3 
scattering, 14 

Eorcnlz-Lorcnz formula, 21, G5 


Magneto-resistancc elTcct, 12, 129, 
207 

Mean free path, 14 
Metal-semiconductor contact, 54 
Mobility {see also individual elements), 
12, 14 


Optical properties (jcc Absorption and 
Refractive index) 

Oscillator strength, 18 


I’liospnoRus, 141 seq 
alworption, 151, 132 
activation cncrg>-, 150, 153 
conductivity, el seq, 150 
photoconductivity, ^^etseq 
spectral sensitivity, 145 el seq 
Photoconductivity {see also individual 
elements), 24 el seq 
insulators, in, 25 
semiconductors, in, 28, 75 
spectral distribution, 30 et seq 44 
Photocurrents 

intensity dependence, 37 et seq 
magnitudes, 40 
primary, 24 
secondary, 24 

Photoelectric lines, determination of 
activation energy by, 34 
Photo-emission, 69 
Photo-response 
barrier theory 41, rl seq 
recombination theory 37, et sea 
Photovollage 
germanium, 122 

mctal-semiconductor contacts, theory 

.for, 54 

p-n junction, theory for, 50 
spectral distribution, 55 
Pressure dependence of activation 

59 

\ 

V 

t 

Qu<\ntum clfyicncy, 27, 120 


t 

RKcrnniNG barrier, 51, 54 
Rellcctiviiy, 249 

Refractive index {see also individual 
elements), 20, 6t 
absorption, relation to, 22, 65 
Response time also individual 
elements), 38 
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Selenium, 185 et seg 
absorption, 189, 198 
activation energy, 187, 199, 202 
amorphous, 185 
conductivity, 186, 191, 193 
metallic, 192 et seg 
mobility, 194 
mono-clinic, 191 

photoconductivity, 187, 191, 195 
refractive index, 199 et seg 
response time, 188, 197 
spectral sensitivity, 187, 191, 195 
Semiconductor-metal contact, 54 
Silicon, 107 et seg 
absorption, 112 seg 
activation energy, 110, iii, 114 et 
seg, 246 

conductivity, 109 
mobility, 11 o 
photoconductivity, 107 
refractive index, 111 
response time, 108 
spectral sensitivity, 108 et seg 
Spectral distribution of sensitivity (see 
also individual elements) 30 et seg, 
^,61 

activation energy from, 31 et seg 
effect of diffusion, 46 
for photovoltaic effect, 55 
temperature dependence, 57, et 
seg, 65 


Sulphur, 180 et seg 
absorption, 184 
activation energy, 182, 183 
conductivity, 182, 184 
photoconductivity, 180 et seg 
refractive index, 183 
spectral sensitivity, 181 r/ seg 
Surface stales, 42 


Tellurium, 204 et seg 
absorption, 220, 222 
activation energ>’, 205, 226 et seg, 246 
conductivity, 204 et seg, 217 
Hall effect, 204 
mobility, 205, 207 
photoconductivity, 208 et seg, 217 
photo-emission, 219 
refractive index, 223 et seg 
response time, 210, 214 
spectral sensitivity, 209 et seg 
Threshold wavelength, 31 et seg 
activation energy, relation to, 31 
compounds, data for, 62 
refractive index, dependence of, 61 
temperature, dependence of, 57 et 
seg, 65 

Time constant {see Response time) 
X-RAY spectroscopy, 6 
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